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Abstract
In this thesis, the materials aspects of erbium-doped silicon (Si:Er) are studied to
maximize Si:Er luminescence intensity and to improve Si:Er performance as an opto-
electronic semiconductor material. Studies of erbium (Er) and silicon (Si) reactivity,
erbium diffusion and solubility in silicon, Si:Er heat treatment processing with oxy-
gen and fluorine co-implantation and the mechanism of Si:Er light emission have been
carried out to define optimum processing conditions and to understand the nature
of optically active centers in Si:Er. In the erbium and silicon reactivity studies, a
ternary phase diagram of Er-Si-O was determined. ErSi 2_x(X = .3) was found to be
the most stable erbium silicide formed on single crystal silicon, and it could be oxi-
dized in the presence of oxygen (02). These findings confirm the results that erbium
precipitates as ErSi2_(x = .3) in silicon and erbium clusters with oxygen to form
complexes in Si:Er with oxygen co-implantation. Luminescence studies on various
erbium compounds established a unique spectrum for Si:Er, which can be used to
fingerprint products of Si:Er processing.
The diffusivity and solubility of Er in Si are determined based on the analysis
of changes in implanted Er SIMS profiles of Si:Er after high temperature annealing
(1150 - 13000C). Er is a slow diffuser with moderate solubility in Si. The diffusivity
of Er in Si D(Er) is 5 x 10- 11cm 2 /s at 1200°C with a migration energy of - 4.6eV,
at a rate similar to Ge in Si. The equilibrium solid solubility of Er in Si [Er], is
, 101l 6atoms/cm 3 between 1150 - 13000C, similar to S in Si. The low Er diffusivity
in Si enables metastable concentrations of Er to be incorporated into Si at levels far
exceeding the equilibrium solid solubility of 10 16 atoms/cm 3. Furthermore, the low
diffusivity and high oxidation tendency make Si:Er process compatible with existing
Si fablines, since cross contamination during heat treatment is minimized.
Post-implantation annealing and ligand enhancement are essential to achieve lu-
minescence in Si:Er. The heat treatment process of Si:Er and the impact of oxygen
(O) and fluorine (F) ligands have been studied. The Si:Er heat treatment process is
determined by three internal processes in Si:Er: (1) implantation damage anneal; (2)
ligand impurity outdiffusion; and (3) formation and dissociation of optically active
Er-ligand complexes. Fluorine is found to be 100 times more effective than oxygen
in enhancing luminescence intensity in Si:Er under the similar processing conditions.
In Si:Er co-doped with F, Er-F associates, most likely ErF3 , are the optically active
center, responsible for the light emission. A process model has been constructed to
simulate the physical processes occurring in Si:Er during the heat treatment. The
simulation includes the processes of the complexes formation and dissociation, and
the ligand outdiffusion and exhibits their limiting role in determining the lumines-
cence intensity. The optimum heat treatment condition to achieve maximum light
emission in Si:Er is constrained by the process of implantation damage anneal.
Light emission studies at different measurement temperatures show the presence
of the thermal quenching of Si:Er luminescence: a sharp decrease of luminescence
intensity at measurement temperatures above 200K. An energy back transfer process
of non-radiative de-excitation of Er3 + excited states to Si lattice is proposed as the
most likely mechanism in Si:Er.
Si:Er is demonstrated as a potential optoelectronic semiconductor material, com-
patible with current Si technology. The Si:Er light emission intensity can be increased
by maximizing metastable Er-ligand complexes in Si:Er through optimizing process-
ing conditions. The optimal process of high performance Si:Er photonic devices can
be achieved by controlling the metastable kinetics of Si:Er.
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Chapter 1
Motivation
Silicon VLSI is the most mature technology of any electronic material. Integration
of the high functionality of silicon integrated circuits (ICs) with the high information
carrying capacity of optical fiber networks will result in a significant increase of in-
formation processing capability. Optical interconnects have distinct advantages over
metal interconnects such as the reduction of interconnection density by multiplex-
ing, the reduction of driver-related power dissipation by eliminating the resistance
and capacitance of electronic interconnect lines and the maintenance of system high
bandwidth. However, the progress is hampered by the development of a silicon-based
photon emitter because silicon is an indirect bandgap material and the radiative
transitions efficiency of silicon is low. Extensive research has been devoted to the
development of silicon based light sources. Among the alternatives, erbium-doped
silicon (Si:Er) using MeV implantation of Er stands out as a promising candidate for
a fully integrable silicon based light emitting diode (LED).
This thesis will focus on the material processing of erbium-doped silicon systems
to define optimum processing conditions. Er and Si reactivity, especially in the pres-
ence of oxygen, will be addressed first. Then, the equilibrium solubility limit of
Er in Si and Er diffusion in Si will be discussed together with their implications to
erbium-doped silicon processing. The optical characteristics of erbium-doped silicon
will be studied, and the physical processes which occur during the heat treatment
of erbium-doped silicon will be analyzed. Based on the understanding of processes
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taken place during the heat treatment, a process simulator for Si:Er optical activa-
tion is constructed. Lastly, the light emission mechanism in Si:Er will be discussed.
An energy back transfer mechanism, a non-radiative de-excitation process for Er3 +
excited states, will be presented to explain the thermal quenching of Si:Er at high
operating temperatures.
Specifically, Chapter 1 addresses the advantage of erbium-doped silicon in achiev-
ing light emission in silicon. Key materials parameters are discussed with respect to
the Si:Er device performance. In Chapter 2, following a review of light emission in
rare earth element (RE) doped ionic materials and their comparison to erbium-doped
silicon, an extensive literature survey of recent developments of Si:Er is presented.
The discussion is focused on the three materials aspects of erbium-doped silicon, the
metallurgical, electrical and optical properties. Chapter 3 discusses the phase sta-
bility of Er and Si, especially in the presence of oxygen. A ternary phase diagram
of Er-Si-O in the temperature range of 450 - 1100°C is presented with the implica-
tions on Si:Er processing. The photoluminescence spectrum of each Er compound is
compared to identify the unique Si:Er spectrum, which can be used as fingerprints
for Si:Er processing. Chapter 4 addresses the equilibrium solubility and diffusivity
of Er in Si. It is found that Er has a moderate solubility in Si, - 1016 atoms/cm 3 ,
similar to S in Si. The Er diffusivity in Si is small, - 10-1 1cm 2 /s at 1200°C with a
migration energy of 4.6eV, similar to Ge in Si. Because of the small Er diffusivity,
metastable Er concentrations above the equilibrium solid solubility can be achieved
in Si. In Chapter 5, light emission in Si:Er co-doped with oxygen and fluorine ligand
impurities are discussed in terms of impurity levels and heat treatment conditions
(temperatures and times). Their impact on the Si:Er luminescence intensity and
spectrum are presented. The underlying processes that take place in Si:Er during
the heat treatment are analyzed. A process model is constructed to simulate the
relevant Si:Er physical processes. The simulation results confirm our understanding
of tile Si:Er processing. Chapter 6 addresses the thermal quenching process in Si:Er.
An energy back transfer mechanism is proposed to explain the sharp decline of light
emission in Si:Er at high operating temperatures. The recommendations for future
14
work on Si:Er are outlined in Chapter 7.
1.1 Optoelectronic Technology
"Photonic materials are now where electronic materials were in the early 1950s -
at the very beginning of a steep growth curve" as claimed in Material Science and
Engineering for the 1990s-Maintaining Competitiveness in the Age of Materials [1].
Since the invention of semiconductor LEDs and lasers, optoelectronic devices have
been widely used in information processing and optical communication. Optoelec-
tronic devices are currently made from III-V compound semiconductors such as GaAs
and InP and are very expensive compared to devices in silicon-based integrated cir-
cuits. A single GaAs laser used in long distance telecommunications costs $1000 [2]
or more depending on its output power, wavelength, bandwidth, spectral purity and
reliability. It is expected that the monolithic integration of electronic and photonic
devices (OEIC) can hasten the realization of the full potential of photonic devices [3].
III-V compound semiconductors have been the material of choice for photonic de-
vices because they are direct gap materials and have high efficient radiative band-to-
band transitions. The LEDs and lasers used in today's telecommunications industry
are almost exclusively made on GaAs and InP substrates using epitaxial technology.
Integrated electronic circuits are also realized in GaAs as well as in InP. However,
the following problems in III-V compound semiconductors have hindered the OEIC
development using III-V semiconductor
1. III-V wafers are small and very expensive.
2. There is no stoichiometic passivating oxide of III-V compounds as SiO 2 in silicon,
so processing is more complicated and results in lower yields.
3. The technology relies heavily on thin film crystal growth which drives up the prod-
uct cost.
4. The level of integration in III-V system is significantly less than has achieved in
Si.
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Silicon is the most important semiconductor material today. Over ten million
electronic devices can presently be integrated onto one chip. silicon-based technology
is expected to continue to play a dominant role in the decades to come. Extending
mature silicon technology to include photonic device capability has been pursued by
many scientists and engineers around the world. Breakthroughs in the development
of optoelectronic silicon could bring a technology revolution just as electronic silicon
did twenty years ago.
To take advantage of silicon for electronic components and III-V compounds for
photonic components, epitaxial growth of III-V compounds on silicon substrates was
proposed for OEIC. Significant progress has been made in recent years. However, the
large lattice mismatch ( about 4% for GaAs on Si) makes the epitaxial process very
difficult. The best reproducible GaAs epi-layer on Si has about 106 dislocations/cm 2 ,
well above the 103 - 104cm-2 dislocation density required for practical photonic de-
vices and the < lcm -2 defect density required for interconnects.
1.2 Erbium-Doped Silicon
Ennen et al. published the first papers on photoluminescence (PL) and electrolumi-
nescence (EL)(1.54pm at 77K) in erbium-doped silicon(Si:Er) in 1983 [4] and in 1985
[5]. In recent years, Si:Er has become a subject of extensive research as a potential
optoelectronic semiconductor material with the development of erbium doped opti-
cal amplifiers and the achievement of room temperature light emission in Si:Er [6].
Erbium-doped silicon overcomes silicon inability to stimulate light emission due to its
indirect band gap. Erbium-doped silicon utilizes the intra-4f shell transition of Er3+
as light is generated from an internal de-excitation of the core states 4I13/2 )4 I15/2.
Si:Er emits light at 1.54tim, which coincides with the absorption minimum of silica
fibers and is compatible with existing silica-based optical fiber networks. It allows for
the easy integration of photonic devices into Si integrated circuit (IC) manufacturing.
Furthermore, silicon can serve as the interconnect medium, reducing interconnection
density and eliminating the resistance and the capacitance of electronic interconnect
16
Figure 1-1: Schematic cross section of a Si:Er surface emitting LED.
lines. The 4f electrons in Er3 + are strongly localized and do not participate in the
bonding with the Si lattice. As a result, the luminescence wavelength of Si:Er is
independent of the operating temperature and the host material, and its linewidth
(- 0.1l at 4.2K and 100A at 300K) is about ten times sharper than that of III-V
semiconductors. These characteristics make Si:Er an ideal candidate for OEIC in
telecommunications.
In recent years, significant progress has been made in Si:Er. Important milestones
have been the realization of the room temperature (RT) photoluminescence in Si:Er
[6][7] and RT Si:Er light emitting diodes (LEDs) [8][9]. Figure 1-1 shows the schematic
cross section of a RT Si:Er surface emitting LED fabricated in our lab, using Er and
O co-implantation. Besides the surface emitting LEDs, Si:Er edge emitting LEDs
capable of integrating directly with a silicon waveguide have also been designed and
processed in our lab, as shown in Figure 1-2. However, our understanding of Si:Er
as a materials system is still at a very early stage. The answers are not clear to
many materials related questions such as the structure of optically active Er centers,
the equilibrium solubility and diffusivity of Er in Si and the process of luminescence
quenching at high operating temperatures. Current processing conditions for Si:Er
are far from optimized. These issues must be overcome before Si:Er becomes a part
of a truly integrated optoelectronic microchip in silicon. For materials research, the
challenge to develop high performance Si:Er devices is to increase the light emission
intensity at room temperature by optimizing the processing conditions.
17
LED
Figure 1-2: Schematic design of a Si:Er edge emitting LED integrated with a silicon
waveguide on a silicon-on-insulator substrate.
1.3 Materials Requirements for Si:Er Photonic
Devices
The key parameters which influence the performance of erbium-doped silicon devices
such as LEDs, optical amplifiers and lasers are the maximum concentrations of op-
tically active centers, the lifetime of the excited states and the spectral width of the
emission.
Er3 + in silicon can be treated as a 3-level system [12]. To model LEDs, we
consider the spontaneous emission process between excited states 4113/2 and ground
states 4I15/2. The output power P of a Si:Er LED in steady state can be expressed as
[1.3]
(N 2 - N1 ) h (1.1)
T A
where N2 and N1 are the population per unit volume in 4113/2 and 4115/2 states
respectively, is the overall lifetime of the excited states 4113/2, h is Plank's constant,
c is the speed of light, A is the wavelength of the radiation, and V is the optically
active volume of the LED. Under optimum conditions, T = Tp (spontaneous lifetime)
and N2 - N1 = iEr (optically active Er3 + concentration). If the external pumping
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rate is large enough, the maximum output power Pmax is equal to
p= NE x hc (1.2)
T5p A
It, is apparent from the above equation that the output power of an erbium-doped
silicon LED can be optimized by increasing the optically active Er3 + concentration
and decreasing the spontaneous radiative transition lifetime ,p.
To model optical amplifiers and lasers, we have to consider the stimulated emis-
sion between excited states 4113/2 and ground states 4115/2 of Er3 + in silicon. In a
homogeneous system, the optical gain coefficient 3(A) is according to [13],
(N2 - Ni) A4
p(A)= x 2 (1.3)
TspAA 872¢
where n is the index of refraction, and AA is the full-width-half-maximum(FWHM)
value of the gain spectrum. Once again, for the erbium-doped silicon optical amplifier,
maximizing the gain coefficient and optimizing the optical amplifier performance can
be achieved by increasing the population difference N2 -N between excited states and
ground states, as well as decreasing Tp and the spectral width AA. The population
difference is limited by the optically active Er3+ concentration in Si, as expressed in
the condition N2 - N1 < NEr.
For a 'back-of--envelope' calculation of optical gain coefficient, 100% population
inversion is assumed, i.e., N2 - N1 = NEr. Assume the optically active Er3 + con-
centration is equal to the equilibrium Er solubility in Si of 1016 cm-3( see Chapter
3). and n = 3.48 for A = 1.54um. The values of the spectral width AA = 100A
and Tp = ms are used for erbium-doped silicon operating at room temperature
(see Section 2.1.1). Using the above values, we calculate an optical gain coefficient
/(A = 1.54,um) 5 x 10- 4cm - 1. For a typical compound semiconductor laser,
Ino.74Gao.2 6Aso.6Po.4/InP, P = 200cm-1 . Improvement of erbium-doped silicon ma-
terial is obviously needed for its application as optical amplifiers.
When the energy gain is equal to the energy loss in the cavity, the threshold pop-
ulation inversion is reached and stable oscillation for a laser persists. The threshold
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population inversion NEr th for a Fabry-Perot laser is [13],
871rT2C Inr'lr 2
NET th = (N2 - N1)th = pAA x x (o 1 ) (1.4)
where o is the loss coefficient, I is the laser cavity length, and rl and r2 are the
amplitude reflectivity of mirror 1 and mirror 2 respectively in the laser cavity. For a
typical semiconductor laser cavity of 1 = 300/m, with an overall = 5cm- 1 and the
mirror reflectivity r = r2 = 90% (see Ref.[12]), the threshold population inversion
NL,r th can be estimated using the values mentioned previously,
NErlth = 1.6 x 1020 cm - 3
At least 1.6 x 102 0cm-3 optically active Er center is required for an erbium-doped
silicon laser operating at room temperatures. Below NErIth, the stimulated transition
rate Wi is zero. After the population inversion is achieved, the population difference
(N2 - N1 ) will stay at the level NEr th and Wi becomes non-zero and depends linearly
on the external pumping rate R. For a three level laser [13],
R NE 1 I NE 1 (1.
2 NErIth 2sp NErth ±
where NEr is the optically active Er3 + concentration.
The total power output Pt generated by the stimulated emission under the steady
state condition is,
t = (N 2 -N 1)t W xhc R (NEr - NE I th)- (NE+NEr th)] X V (1.6)
Of course, only part of the power generated by the stimulated emission can couple
out through the partially emitting mirrors. This useful power output Pe is normally
expressed as,
p Pt (1.7)
Rex 1 + S- 1
where S is the coupling parameter and can be optimized through laser cavity design.
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The output power of a typical telecommunications laser [2] is mW. To achieve a
1lrW output power for an erbium-doped silicon laser of 300,um diameter and 0.4,am
active layer thickness, the external pump rate has to be at least 5.6 x 107s-1 if we
assume S = 1(50% loss in the cavity) and 10% external pumping efficiency. If the
external pump is accomplished by electrons and holes recombining in erbium-doped
silicon, a minority carrier lifetime of 18ns is required.
The laser performance can be enhanced with a good cavity design which reduces
the optical cavity losses and with increasing the mirror reflectivity using reflective
coatings. Optimization of the material properties will allow a laser to operate at low
power to reduce the power dissipation and to insure good reliability. Reliability and
degradation are the most serious problems in III-V semiconductor lasers.
In summary, the key parameters which determine the performance of Si:Er de-
vices are optically active Er centers, the lifetime of Er excited states and the spectral
linewidth of the emission. The optically active Er centers are sensitive to the pro-
cessing conditions. From a materials perspective, optimizing Si:Er processing and
maximizing the number of optically active Er centers are key to improve Si:Er device
performance.
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Chapter 2
Literature Review
2.1 Fundamentals of Erbium-Doped Silicon
Although the idea of erbium-doped silicon (Si:Er) was only proposed in 1983 [4],
making use of the radiative transition between 4f states in rare earth ions (RE 3 +)
for laser and optical amplifiers is not novel. Neodynium ion (Nd3 + ) doped Yttrium
Aluminum Garnet(YAG) is the most powerful solid state laser today. Erbium-doped
SiO 2 has been used for optical amplification at 1.54 pm and is part of the AT&T
trans-Atlantic communication system. Nd3+ and Er3 + doped ionic compounds ra-
diate under optical excitation while erbium-doped silicon luminesces under electrical
excitation. Some aspects of the radiative decay of the 4f states, or the Er3 + de-
excitation process, are similar. A review of the decay mechanism of RE 3 + in ionic
compounds will help in understanding the optical properties of Er3 + in Si:Er.
The radiative transitions among the 4f states in free RE 3 + ions are forbidden
by parity selection rules. In crystals, RE 3 + loses its spherical symmetry and the
degeneracy of the 4f states is broken. Figure 2-1 shows the Er3 + 4f state splittings
in a crystal field. The multi-fold splitting called Stark-level splitting is very small
compared with the spacing of the 4f electronic states. Depending on host materials,
the splitting is about 20 - 200cm-1 in Er3+ [15] (kT(300K) = 210cm-1 ). The
number of the 4f state splittings depends on the symmetry of the lattice site which
a RE 3 + ion occupies. Table 2.1 lists the number of multi-fold splittings of RE 3 + at
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Figure 2-1: Er3 + 4f states splitting in a crystal field.
Table 2.1: Spliting of Er3 + ion manifolds in crystal fields of given symmetry
Local symmetry Group theory J=1/2 3/2 5/2 7/2 9/2 11/2 13/2 15/2
2J+1=2 4 6 8 10 12 14 16
Cubic Oh, Td,O, Th, T 1 1 2 3 3 4 5 5
lower symmetry C2v, 1 2 3 4 5 6 7 8
different symmetries.
Symmetry information conveyed by examining the luminescence of Si:Er is am-
biguous. Early examination of the PL spectra of Si:Er revealed 5 lines around 1.54/pm,
leading Tang et al. to suggest that Er3 + was in a Td symmetry site [16]. Later, high
resolution spectra of Si:Er showed far more than 5 lines indicating Er3 + occupied
more than one type of symmetry site [6].
The spectral linewidth AA is < 10-20cm-1(15 - 30A) for the radiative decay from
4113/2 to 4I15/2 in Er3 + doped ionic compounds. In erbium-doped semiconductors,
the spectral width is much smaller. In erbium-doped silicon, AA < 2A, beyond the
resolution of the PL spectra in Ref.[6]. The spectral width is 0.04cm-1(0.06A) at
4.2 K in MBE grown Er-doped GaAs [17]. The extremely sharp transition in an
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Table 2.2: Lifetimes of I13/2 excited state of Er3+ in different ionic and semiconductor
host materials, are compiled from [15] and [64]
erbium-doped semiconductors can be used for mode-locking of semiconductor lasers
at 1.54/im. The quantum efficiency in RE 3+ doped ionic compounds is very small
and is typically < 1% because of the small cross section for optical excitation. An
Auger excitation process is believed to be the excitation mechanism in Si:Er. A
higher electrical excitation cross section is expected in Si:Er due to a strong coulombic
interaction in the Auger excitation process [18].
The lifetime of RE3+ 4f states is relatively insensitive to host materials. Table 2.2
lists the typical lifetimes of Er3+ in various hosts. The lifetime of the excited state
4113j2 of Er3 + is usually long, about 4-12 ms in ionic compounds. In semiconductors
such as Si or GaAs, it is about 1 ms. The lifetime is insensitive to the operating tem-
perature. The lifetime of Er-doped SiO 2 stays constant - 12ms from 77K to 300K. In
an ionic compound, the lifetime can be shortened by providing another de-excitation
channel, i.e. through cross relaxation. The cross relaxation becomes significant when
the [RE] > 1% in ionic materials. The lifetime of Nd3 + in YAI0 3 decreases signif-
icantly when [Nd] > 1%. A similar lifetime reduction can also be achieved through
co-doping with a deactivator, typically another rare earth center RE3+ [19]. In Si:Er,
cross relaxation among Er3 + ions is not significant due to the small Er concentra-
tions in Si ([Er] - 1 X 10 18 atoms/cm-3). However, other non-radiative de-excitation
channels (e.g. through states in Si band gap) could significantly reduce the lifetime
of the Er3+ excited state and decrease the radiative emission, as in the energy back
transfer process described in Chapter 6.
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Ionic Host Temp.(K) Lifetime(ms) Semicond. Host Temp.(K) Lifetime(ms)
CaF 77 20 Si 10 1.1
CaF 2 77 0.8-1.3 GaAs 10 1.2
Y,4150 12 77 8 InP 10 1.1
YA150 12 295 9.1 GaP 10 1.5
Lu 3A I5012 77 6.4
SiO 2 77 12
2.2 Erbium-Doped Silicon as an Optoelectronic
Semiconductor Material
As pointed out in Section 1.3, a further improvement in Si:Er device performance
requires an increase of the optically active Er3 + concentration. A good understanding
of the Si:Er materials systems is imperative in order to optimize the optically active Er
centers in Si. In recent years, much progress has been made. Important contributions
are the light emission enhancement from oxygen and other impurity ligands [20][6],
the achievement of room temperature Er3+ luminescence [6][7] and the development
of the first room temperature Si:Er LED [9]. However, many fundamental materials
properties are not well understood. The processing conditions for Si:Er are far from
optimal. Many key issues are yet to be solved such as Er solubility and diffusivity in
Si, the structure of optically active centers and the impact of impurities, defects and
annealing temperatures on the Er optical activity in Si.
A brief survey and analysis of recent progress with respect to Si:Er materials prop-
erties is presented here to set a background for the discussion of the research results
in the following chapters. The phase stability of the Er-Si system, Er-Si precipitation
and Er equilibrium and metastable solubility in Si will be discussed first. Analysis of
the Er lattice site location in Si and Er diffusivity in Si are presented. The electrical
activity of Er in Si is then discussed because of its likely involvement in the Si:Er
excitation process. Finally, the optical characteristics of Si:Er are analyzed in terms
of processing conditions and co-implantation of ligand ions. The section is concluded
with an introduction to Si:Er thermal quenching at high operating temperatures, and
the electronic de-excitation and excitation mechanisms in Si:Er.
2.2.1 Metallurgical Properties
There are three known Er-Si phases: Er5 Si3 , ErSi and Er3 S i5 in the Er-Si binary
system, as shown in the binary phase diagram in Figure 2-2 [21]. Er 3 Si 5 is the
most important compound for Si:Er. Because Er3 S i 5 has an AIB 2 crystal structure
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Figure 2-2: Er-Si binary phase diagram. The figure is taken from [21].
(hexagonal) [22] and a small range of homogeneity, it is also expressed as ErSi 2-(x =
.3) in the literature to stress its vacant site lattice structure. In this thesis, I shall use
the two notations interchangeably. Er 3Si 5 is the first and most stable phase formed
when an Er layer reacts on a Si substrate. Er 3Si 5 forms a coherent and low energy
interface with a Si(111) surface. It has a eutectic on the silicon rich side with an
estimated temperature of 1100°- 1250°C [21].
ErSi2_x on silicon has been extensively studied because of its potential applica-
tions as a low resistance interconnect and as a Schottky barrier metal for infrared
detectors [23][24]. Due to a close lattice match between the ErSi 2_(x = .3) (001)
plane and Si(111) surface, a mismatch coefficient of -1.2%, epitaxial ErSi2_x can be
easily formed on a Si(111) substrate. High quality epitaxial ErSi2_x films have been
obtained using Ultra High Vacuum (UHV) erbium evaporation followed by an anneal
between 300 - 700°C [25] and by means of Molecular Beam Epitaxial (MBE) growth
[26]. Epitaxial ErSi 2 -_ films can also be obtained through a rapid thermal annealing
of Er overlayers on Si(111) substrates [23]. A diffusion marker study of the formation
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Table 2.3: The formation enthalpy energy (298K)of various Er related compounds.
The values are taken from [28]
of Er silicides concludes that Si is the dominant mobile species with Er atoms almost
totally immobile during the silicide reaction of metallic thin films on a Si substrate
[27]. The difference in mobility between Er and Si expressed in terms of the absolute
scale of temperature is estimated to be almost a factor of 2. The large difference is
thought to result from the ErSi2_x(x = 0.3) structure, which contains a high density
of random vacancies on Si sites.
Erbium metal reacts easily with oxygen to form Er 20 3 . Er 203 is one of the most
stable Er compounds, together with ErF3 . Table 2.3 lists the formation enthalpy of
various Er compounds [28]. Er-Si ternary phases are less studied. In the Er-Si-O
system, there are only two known ternary phases, Er 2SiO 5 and Er 2Si 2 07 [22].
Er solubility in Si should be small due to the large atomic radius of an Er atom
and the absence of a common crystal structure. Er has an atomic radius r = 1.78A, a
covalent radius r = 1.57A and an ionic radius of Er3 + r = 0.96A. Eaglesham et al re-
ported a solubility of - 1018 cm- 3 in Si at 9000C based on their studies of high dose Er
implanted silicon [29]. They reported that an Er-rich phase started to precipitates in
implanted erbium-doped silicon after 9000C annealing for 30 min when the implanted
Er peak concentration exceeds 101 8cm-3. The amount of the precipitation was found
to be linearly proportional to the Er concentration. High resolution Cross-section
Transmission Electron Microscopy(XTEM) showed that the platelet-like Er-rich pre-
cipitates lay on Si(111) plane and resembled ErSi2_ in structure.
It is important to note that the Er concentrations of 1018 cm- 3 in Si, reported
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Formula State AH(Kcal/mol)
Er + gas 218.0
Er 2 + gas 495.0
Er3 + aqueous -168.6
Er 203 crystal -453.6
ErF 3 crystal -409.
ErCI3 crystal -238.7
by Eaglesham et al., represents a threshold concentration for the onset of ErSi2_x
precipitation. Based on my studies of Si:Er at the high temperatures 1150 - 1300°C,
the actual Er equilibrium solubility is 1016cm-3 (see Chapter 4). The metastable
threshold may be controlled by either kinetics or equilibrium factors. The slow kinet-
ics of Er precipitation in Si (D[Er] , 10-15cm2 /s at 900°C, see Chapter 4) allows the
possibility of incorporating metastable Er concentrations above its solubility limit in
Si.
In III-V semiconductors which have the Zinc-blende structure similar to silicon's
diamond structure, Er solubility is also very small. The maximum equilibrium Er
concentration in InP is reported to be less than 5 x 101 8cm- 3 , and about 2 x 101 9cm-3
in MBE-grown GaAs [30]. The Yb solubility in InP is about 1017 cm-3[31].
It is not clear which lattice site Er atoms occupy in Si. Tang et al claimed, based
on backscattering angular scanning and their PL spectra, that most of Er atoms in Si
occupied substitutional sites in samples annealed at 9000 C for 30 min with an Er im-
plantation dose of 1.0 x 1015 cm- 2 [32]. They estimated about 80% of Er atoms resided
at substitutional sites and the remaining Er atoms resided at interstitial sites. Both
of these lattice sites had Td symmetry which was consistent with their PL spectrum
ill which 5 sharp bands due to the 4I1 3 /2 _4 I15/2 transitions of Er3 + are seen [16].
However, later high resolution PL studies on similar samples indicated many more
transition bands were present [6]. This suggested that at least part of the Er atoms
occupy non-cubic symmetry sites in Si (see Table 2.1). Przybylinska et al. suggested,
based on fitting the luminescence spectrum with crystal field parameters, that opti-
cally active Er centers in Si(Cz):Er consisted of interstitial Er with cubic symmetry
and some additional Er related centers with non-cubic symmetry [33]. Theoretical
analysis by Needles et al predicted that Er3 + at a tetrahedral interstitial site was the
most stable state for an isolated erbium atom in Si [34]. In their studies, the total
energies of an erbium atom at several high symmetry sites were computed for two
different oxidation states (Er2 + and Er3 +) . They found that the minimum energy
configuration for Er atoms is Er3+ surrounded by four tetrahedrally-coordinated and
six octahedrally-coordinated Si atoms.
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Figure 2-3: Annealing temperature dependence of the Er PL intensity for Fz and Cz
Si. The annealing time was 30 min. The filled data points are from Fz samples with
additional oxygen implantation (1 x 1018 cm-3 ). The figure is taken from [6]
The above mentioned studies need to be viewed critically since Er complexing
with impurity ligands in Si were not taken into account. There is a factor of 100
difference in the Er3 + luminescence intensity at 1.54pm due to the different oxygen
concentrations in (Cz) Si (I 1018 cm- 3 ) and in (Fz) Si ( 1016 cm-3 ), see Figure 2-3 [6].
Er3+ in (Cz) Si is optically active while Er3+ in (Fz) Si in nearly optically inactive.
Er has a different local environment when associated with impurities. Evidenced by
their analysis of the extended x-ray absorption fine structure (EXAFS) measurements
of Er3+ implanted in (Cz) Si and (Fz) Si, Adler et al proposed that Er+ 3 in Fz-Si
was coordinated by 12 Si atoms with a mean distance of 3.00A (resembling Er in
ErSi2_x), whereas Er+3 in Cz-Si was predominantly six-fold coordinated by oxygen
atoms at a distance of 2.25A(resembling that in Er20 3) [51]. Schematic drawings of
the two Er centers with different local structures are depicted in Figure 2-4. However,
Michel et al estimated only 10% of the total Er in implanted Cz-Si samples was
optically active, based on the correlation between the driving current density and
electrical luminescence intensity of their Si:Er LEDs [35]. Therefore, the dominant
configuration of Er3 + with six oxygen coordination seen in EXAFS may not be the
same as the optically active Er3 + seen in PL.
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Figure 2-4: Schematic pictures of the first coordination shell surrounding Er in Fz-
Si(a) and Cz-Si(b). The figure is reproduced from [51].
There is no definite answer to the lattice location of Er3 + in Si. However, it is
certain that Er3+ sits in different lattice sites depending on the neighboring impurities
and the processing conditions. The different Er centers may have very different optical
and electrical characteristics.
Although studies of Er diffusion in Si are far from conclusive, it is clear that the dif-
filsivity of Er in Si is very small in the temperature range of interest of 800 - 1100°C
for Si:Er. The experimental difficulty in measuring Er diffusion is because of its
low diffusivity and small solubility. There are only two published reports which
attempted to measure the Er diffusivity directly [36][37]. Although similar experi-
mental techniques were employed, the two groups reported different results. In their
studies, a film of erbium chloride, containing radioactive 1 69Er, was coated on a
silicon surface and annealed in air at temperatures between 1100 - 1280°C. The
diffused Er profile was determined by HF chemical sectioning and the measurement
of residual radiactivity in the sample. Nazyrov et al reported an Er diffusivity of
)Er = 2 x 10- 3exp(-2.9eV/kT)cm 2/s between (1100 - 1250°C) with a surface Er
concentration between 3 x 1018 - 5 x 1019 cm-3 . The second study by Ageev et al
reported a considerably small diffusivity for Er ( about 6 x 10 - 15 - 4 x 10-13cm2 /s
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between 1100 - 1250°C ) with an activation energy of 4.96 eV.
The inconsistent results from the similar experimental methods may be explained
by surface reactions among Er-Si-O. High temperature annealing in air should oxidize
the Si surface and cause surface reactions among ErC13, SiO 2 and Si, based on my
studies on Er and Si reactivity (see Chapter 3). Not only does the reaction reduce Er
activity but it also affects the uniformity of the subsequent HF chemical sectioning
since Er-Si-O ternary compounds are very difficult to etch in HF. The stable surface
concentrations they reported are much higher than anyone has reported for implanted
Si:Er. The high surface concentration could be the direct result of surface compounds
of Er-Si-O reactions.
Other studies on Er diffusion in Si were indirect and indicated a small Er diffusivity
in Si. Polman et, al inferred an upper limit for D(Er) < 1 x 10- 1 7 cm 2 /s at 6000°C
based on their studies of the solid phase epitaxy of Er-implanted amorphous Si. My
studies of Er diffusion in Si were based on the analysis of SIMS depth profiles of
imp][anted Er in Si, measured after high temperature annealing. It was found that
Er diffuses at a rate similar to Ge in Si with a diffusivity of 10-l1crn2/s at 1200°C
and a migration energy of - 4.6eV (see Chapter 4).
2.2.2 Electrical Characteristics
Preliminary electrical activity studies of Er implanted in n-type and p-type Si indicate
that Er atoms behave like donors in the Si lattice. Higher electrical activity is seen
for Er in p-type Si than in n-type Si, and in Cz-Si than in Fz-Si [38]. In erbium-
doped p-type Cz silicon samples, annealed at 9000C for 30 min, the excess carrier
concentration due to implanted Er increases linearly with Er concentration when the
Er concentration is less than 1 x 1016cm- 3 as shown in Figure 2-5[38], and reaches a
maximum at 4 -- 7 x 1017 cm-3. The excess carrier concentration then decreases as
the Er concentration increases further.
The excess carrier concentration also varies with the annealing temperature after
the implantation. Dietrich et al [39] found in n-type Fz (111) Si with the implanted
Er concentration of about 4 x 1016 cm-3 that the excess carrier concentration reached
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Figure 2-5: Excess mobile carrier concentration vs implanted Er concentration. All
samples are Er doped Cz p-type silicon. The figure is taken from [38].
a maximum at 700°C then decreased monotonically with higher annealing tempera-
tures. The integrated carrier concentration was about 80% of the implanted dose at
700°C. It is important to note that after a 700°C heat treatment, there are still large
concentrations of point defects in Si from Er implantation, indicated by PL mea-
surements [6]. A much lower Er activity in n-type Fz Si was seen by other workers
[40][38].
Other researches suggest that the donor character of Er in Si is far from certain.
Benton et al showed no obvious correlation between the Er PL intensity and donor
activity in their studies [41]. In fact, they observed no evidence of donor formation
in Si:Er after a 1100°C anneal of 30 min. This lead them to conclude that the donor
characteristics, seen in their earlier work [38], was due to defects introduced by Er
ion-implantation. These donor-related defects recovered under proper annealing con-
ditions without effecting the Er PL intensity. Coffa et al observed the enhancement
of electrical activity of Er in Si:Er with oxygen co-implantation. Excess carrier con-
centrations as high as 1.5 x 1018cm-3 were observed in implanted Si:Er with the Er
peak concentration of 1 x 1019cm - 3 and the oxygen concentrations of 8 x 101 9cm- 3
shown in Figure 2-6 [7].
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There are two possibilities why erbium-doped silicon exhibits donor characteris-
tics. The first possibility is that the Er atom is a donor in the Si lattice. Therefore, its
activation is affected by other impurities and other carrier concentrations in Si. Then
different electrical behaviors are expected for Er in p-type and n-type Si as well as in
Cz and Fz Si at low Er concentrations [38]. Figure 2-5 suggests that at concentrations
between 1 x 1016 to 1 x 1018 cm- 3, Er may start to occupy other lattice sites with no
electrical activity. This is consistent with the high resolution PL spectra suggesting
Er3+ sits at more than one symmetry location [6]. At even higher concentration,
Er may start to precipitate as ErSi 2 and result in a decrease of the excess carrier
concentration in Figure 2-5. If the precipitation occurs, donor profiles are expected
to be uniform and uncorrelated with the initial Er profile in the precipitation region.
However, in this model, oxygen need not affect the Er electrical activity.
The second possibility is that the excess donors observed are not related to Er
atoms, but to implantation induced defects such as Si interstitial and dislocations, or
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to some Er-defect complexes. Benton et al. compared the behavior of a Si:Er sample
with that of Ge and Sb implants at doses and energies identical to Er implants,
and no electrically active deep level defects in Ge or Sb implanted samples were
detected after annealing at 900°C for 30 min [38]. This indicates the donor behavior
seen in Si:Er must be Er related and could be metastable Er-defects or an Er-O
complex. However, this theory has to explain how defects are introduced in low dose
Er implanted samples ([Er] = 1 x 1016 cm-3 at 5.25 MeV, corresponding to a dose of
1 X< 1011 cm- 2, is well below the threshold amorphisation dose of 1 x 101 3cm- 2 for Si).
Furthermore, the observed linear relationship between the excess carriers and the Er
concentration needs to be explained unless Er atoms somehow stabilize the defects
and form Er-defect complexes.
Widdershoven et al [40] reported no excess carrier concentrations in n-type silicon
with a background donor concentration of 6.5 x 1015cm- 3 in erbium-diffused silicon
material. The Er in Si was diffused from an ErSi 2 -_ silicide layer on top of a Si
substrate which was annealed at temperatures as high as 1050°C for up to 375 min.
No Rutherford Backscattering( RBS) or Secondary Ion Mass Spectroscopy (SIMS)
spectra were given. It is not clear whether the diffused Er showed no electrical
activity, or that the Er failed to diffuse into Si.
In summary, the nature of electrically active centers observed in Si:Er are not
understood at this time. They are likely Er related, possibly an erbium-implantation
defect associate. I believe that these electrically active centers in Si:Er are process
temperature dependent and will likely lose their electrical activity after high temper-
ature annealing T > 1100°C. This Er-defect associates might explain the different
electrical results in Si:Er observed by Benton et al. This subject is an important
aspect to bear in mind when interpreting other experimental results.
2.2.3 Optical Characteristics
Increasing the luminescence intensity and enhancing Si:Er device performance have
been the goals and the subject of intensive studies in Si:Er ever since Ennen et al
report the first PL spectrum of Er3 + in Si at 4.2K. Si:Er luminescence studies can
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also reveal information about the Si:Er excitation and de-excitation mechanisms and
the effects of impurity ligands. Si:Er luminescence studies are important in order to
understand the Si:Er processing and to increase maximum light emission. Most of
the optical studies have been performed on implanted Si:Er.
Post implantation annealing is necessary to remove the implantation damage and
to optically activate Er in Si. Light emission from Si:Er is sensitive to annealing
conditions. The dependence of the PL intensity at 1.54/,m on annealing temperatures
for Er-doped Cz-Si and Fz-Si was shown in Figure 2-3 [6]. The Er peak concentrations
in Figure 2-3 are about 1 x 1018cm -3 . Strong PL intensities in the Er-doped Cz-Si are
due to the high oxygen levels in Cz-Si as compared with that in Fz-Si. The optimum
processing condition yields the maximum number of optically active Er centers for
maximum light emission in Si at 1.54g/m. For Cz-Si:Er, 900°C annealing for 30 min
is the optimal condition. As we will see later in Chapter 5, the optimal processing
condition also depends on the ligand impurity and its co-implantation dose. In Si:Er
co-implanted with O or F, the annealing of implantation defects and the association
of Er-impurity complexes and the out-diffusion of co-dopants in Si during the heat
treatment, determine the optimum annealing temperature and time.
Enhancement of the Er 3+ luminescence at 1.54gm from oxygen co-implantation
is very significant, [20][6]. Luminescence light intensity at 1.54/m from erbium-doped
Cz silicon (_ 1018 cm-3 oxygen) is two orders of magnitude stronger than that from
Fz Si( 1016cm.-3 oxygen) after the same 900°C,30 minute anneal [6]. Additional
co-implantation of oxygen in Er doped Si(Cz) further enhances the light emission
in Si:Er. Conversely, erbium doped MBE grown silicon (low oxygen level) shows
very weak luminescence intensity and requires additional oxygen co-implantation to
achieve sufficient Er3 + luminescence [42]. This result is a further confirmation that
Er without oxygen or other proper ligands (e.g. Er in Fz-Si) is optically inactive.
Furthermore, several other ligands such as C, N, and F can also enhance the
Si:Er light emission [6]. Large PL enhancements are mainly from light atomic weight
elements, with little enhancement from the heavier elements such as Al, S, Cl and
P. No effect on the PL intensity was observed with an additional Si implantation,
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designed to replicate the role of implantation-induced damage. According to Michel
et al., impurity enhancement from high electronegative ligands such as O, C, N,
and F may be due to the fact that they associate with Er in Si to form Er-impurity
complexes which promote the oxidation of Er2 + to the optically active Er3 + state [6].
The larger S and Cl elements are known to cluster rather than to form Er-impurity
complexes. The P atom as a donor exists primarily as a positive charged ion in Si
and. therefore, loses its high electronegativity.
The PL intensity was reported to increase linearly with the Er implantation dose
up to the corresponding Er peak concentration of about 7 x 1017 cm- 3 in Si after
a 900°C anneal [6]. It reached a plateau between 7 x 1017 cm- 3 to I x 1018 cm- 3
and then decreased monotonically. This behavior was very similar to that of the
electrical activity of Si:Er annealed at T < 9000C, depicted in Figure 2-5. The similar
dependence of the optical and electrical activity of Si:Er on the Er concentrations
suggests that Er and/or Er-defects complexes most likely contribute to the observed
donor behavior in implanted Si:Er, discussed in Section 2.2.2.
At elevated measurement temperatures, the PL intensity in Cz-Si:Er decreases by
2-3 orders of magnitude from 77K to RT as shown in Figure 2-7 [6]. This thermal
quenching of Er3 + in Si is observed in Er-doped MBE silicon [42] and in F co-doped
Si:Er (see Chapter 5) as well as ytterbium (Yb) in GaAs and InP. The luminescence
decrease at low temperatures T < 100K is believed to be related to local bound
excitons at Er3 + and the 6 mV activation energy shown in Figure 2-7 is consistent
with the typical binding energies of excitons in semiconductors [10][42].
It has not been determined why thermal quenching occurs in Si:Er at temperatures
T > 100K - 200K. The Si:Er thermal quenching is quite different from what is
observed in Er-doped optical fiber. Er in SiO 2 gives the similar photoluminescence at
1.546um from the same transition Er3+1 3/ 2 --- I15/2 under direct optical excitation.
Studies on Er in SiO 2 found [43] that the integrated fluorescence stays the same
between 4K to 600K. The linewidth broadens slightly from - 901 at 4K to - 300A
at 300K. The peak intensity is 1.7 times that measured at 300K at 1.54pim. The
lifetime of Er3+excited states (I13/2) also remains constant, 12ms between 77K
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Figure 2-7: Temperature dependence of the Er luminescence in Cz Si. The Er peak
concentration was 1 x 1018cm-3. The filled cycles show the PL intensity of the surface
passivated sample which showed RT PL. The figure is take from [6].
and 300K. If the de-excitation is decoupled from the silicon band structure in Si:Er,
we would expect that the de-excitation process in Si:Er would be similar to Er3+ in
SiO 2 and thermal quenching should not occur in Si:Er. A unique non-radiative de-
excitation channel has to exist in Si:Er, specifically through coupling of Er3 + with the
Si lattice in an energy back transfer mechanism (see Chapter 6). The back transfer
process dominates as the temperature increases to above 100K.
The excitation mechanism in Si:Er is believed to be Auger recombination [10][18].
In Auger recombination, carriers primarily transfer their potential energy to the 4f
electrons in the ground states through the electron and hole recombination. Another
mechanism is impact excitation where electrons (Ek > 0.8eV) from the Si conduction
band transfer their kinetic energy Ek to 4f electrons in the ground state (4I15/2)
through Coulombic interactions and excite them to 413/2 states. Impact excitation
could occur only under high reverse bias conditions in Si:Er. Impact excitation has
been reported to occur for Yb doped InP [44].
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Chapter 3
Erbium and Silicon Reactivity
3.1 Introduction
Oxygen co-implantation is very effective in enhancing Er3 + luminescence in Cz-Si.
However, there is very little existing information about oxygen-erbium-silicon reac-
tivity and the Er-Si-O ternary system in the current literature. In this chapter, I will
present the Er-Si reactivity under 02 and the Er- Si-O ternary system and its impact
on achieving optimum processing conditions for Si:Er. The motivation of the study
is to achieve a better understanding of Er and O in Si.
The Er-Si reactivity, especially in the presence of 02, is studied through annealing
of a thermally evaporated erbium layer on etched Si wafers. The reacted phases
are identified through X-ray phase analysis. The Er-Si-O ternary phase diagram is
established for the first time. The implications of phase stability on Si:Er processing
will be discussed. Photoluminescence characteristics of Si:Er and other Er compounds
formed in the process are also analyzed to establish the unique characteristics of Si:Er
luminescence.
3.2 Experiment
Experiments on Er-Si reactivity were carried out through the heat treatment of thin
erbium films on silicon in various processing ambients. A thin layer of erbium, typ-
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ically ranging from 100iA 1000A, was vacuum deposited on an etched silicon sub-
strate in an Edwards 306A thermal evaporator with a base pressure of 1 x 10-6 Torr.
The silicon surface was cleaned with regular organic solvent in the order of boiled
Trichloroethylene, Acetone and Methyl Alcohol, and was followed by an etch in a
20:1 HN0 3 and HF acid mixture. The process ended with a dip in 5% HF acid to
passivate the silicon by terminating the surface with H before the silicon substrate
was loaded into the evaporator (within 5 minutes). Erbium metal is fairly stable in
the air and does not oxidize as rapidly as some of the other rare earth metals such as
europium, cerium and neodynium [45]. The deposited Er/Si was immediately trans-
ferred into an annealing furnace after the deposition. The deposited Er/Si structure
was subsequently annealed in various controlled ambients, N 2, air and vacuum at
temperatures ranging from 450C - 1100°C.
Glancing angle X-Ray diffraction, performed with a Rigaku X-ray diffractometer,
was used to identify the different erbium phases formed on the silicon surface after the
heat treatments. The glancing angle of less than 5 was used to enhance the powder
diffraction patterns from the thin film layer on the surface. A JCPDS computer data
base was used to identify the different phases. Photoluminescence measurements (see
Appendix A for the details) of the related Er compounds formed on Si surface were
carried out at 4.2 K. The samples were excited using an argon ion laser at 488nm.
The excitation power was varied from 0.3-1.5 W. The luminescence was collected and
measured with a 0.75 m Spex monochrometor and a cooled Ge detector.
3.3 Results and Discussion
Erbium metal reacts easily at elevated temperatures. Depending on different anneal-
ing ambients for Er/Si, various erbium compounds were formed. Figure 3-1 shows
the thin film X-Ray diffraction spectra of typical erbium phases formed after heat
treatment of the Er/Si samples in different ambients. Er2 03 is formed after a com-
plete oxidation of the erbium film during a 4500C, h anneal in air. ErN is formed
after a 6500C anneal for 1 h in a N 2 ambient. A 4500C, 3 h anneal in a vacuum of
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Figure 3-1: X-ray diffraction phase identification of Er 3Si 5, Er 203 and ErN, formed
by reacting Er/Si in vacuum, 02 and N2.
10- 5 Torr results in a formation of ErSi 2_( or Er 3Si 5 ) on the Si(111) substrate
with a macroscopically smooth surface. ErSi 2_(x = 0.3) has an AIB 2 crystal struc-
ture (hp3, P6/mmm, 191) [22]. The ErSi2_x formed on a Si(111) surface is highly
textured along the (001) plane due to the close lattice match between the hexagonal
ErSi2_x (001) plane and the Si (111) plane (the misfit factor f is 1.2%).
This inference is further confirmed by the heat treatment of a vicinal Si(111)
substrate in an erbium vapor. Erbium metal was vacuum sealed in a quartz ampoule
with an etched vicinal Si(111) substrate, then annealed at 1160°C for 24 h. Erbium
has high vapor pressures at elevated temperatures, as shown in Figure 3-2 [21]. Its
vapor pressure at 1100°C is approximately 10-3 Torr. Figure 3-3 shows a plain view
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Figure 3-2: The vapor pressure data for erbium metal. The figure is taken from [21]
optical micrograph (a) and a cross-sectional scanning electron micrograph (SEM) (b)
of a vicinal Si(111:) surface after such heat treatments. The vicinal Si (111) substrate
is miscut 4 toward < 110 >. At 1160°C inside a vacuum sealed quartz ampoule, the
vicinal Si substrate reacts effectively with erbium vapor and forms a lowest energy
interface structure, the terrace structure composed of Si (111) facets on the Si surface.
The schematic cross-sectional view of the Si surface is illustrated in the bottom part
of Figure 3-3 and the ratio of the height and the width of the terrace structure
(l- plm/ - 15r;tm) is consistent with 4 miscut of the vicinal Si(111) substrate. This
result is also consistent with the studies on the epitaxial growth of ErSi 2_ (x = 0.3)
using UHV erbium e-beam evaporation and Molecular Beam Epitaxial (MBE). The
epitaxial ErSi 2 -_ has been formed through in-situ annealing of an UHV evaporated
erbium layer at 350 - 450°C [25] or rapid thermal annealing of a thin erbium film on
Si at 950°C[23].
Table 3-1 summarizes the experimental results of the Er/Si samples after heat
treatment between 450°C to 1100°C under different ambients. The listed composi-
tions are estimated based on the X-ray diffraction peak intensities. There are three dif-
ferent erbium silicide binary compounds, Er5Si3 , ErSi and ErSi 2_x. Only ErSi 2 _
is found to form on Si substrate after heat treatment in the experiment. This results
from the fact that ErSi2_ is the most stable Er-Si compound (see Section 2.2.1), in
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Figure 3-3: Plain view optical micrograph (a) and cross section of SEM micrograph
(b) of vicinal Si (111) surface heat treated at 1165°C for 24 h under Er vapor. The
bottom graph illustrates the schematic drawing of the observed terrace structure of
the 4° miscut Si (111) surface.
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Table 3.1: Result
heat treatment.
summary of X-Ray diffraction and Photoluminescence of Er/Si after
addition to the fact that the Er-Si reaction occurs in a silicon rich environment.
The above results confirm the following findings in Si:Er. In Si:Er, Er is implanted
into silicon, followed by a 900°C anneal for 30 min to optically activate Er. Since Er
has a low solubility (, 1016 cm- 3) and low diffusivity in silicon [8], erbium precipitates
in the form of ErSi2_ along the Si{111} plane in Si during the heat treatment.
Eaglesham et al reported that - 100 - 300A ErSi2_x platelets started to precipitate
along the Si{111} plane after heat treatment at 900°C for 30 min when the Er peak
concentration exceeded 1 x 1018 cm- 3 in silicon [29].
Er 3 Si5 can be oxidized in an 02 ambient and forms Er20 3 , shown in Table 3-1.
Even under a constant flow of argon gas, a 1100°C, 9 h anneal in an open furnace
resulted in a partial oxidation of Er 3Si5 . The oxidation behavior of erbium and
erbium silicides is very similar to that of titanium and its silicides [46].
The oxidation of Er 3 Si5 can be explained by comparing the formation enthalpy of
each Er compound involved in the reaction. Er 20 3 is a very stable erbium compound.
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Sample Annealing Annealing X-Ray Luminescence
(Er-Si) Temperature Ambient Composition at 1.54 n(4.2K)
>24hC Air Poly. Er 100% No
>24h
450'C Air Er2 0 3 100% Strong
1/2 h
450°C Vacuum Er 3Si 5 95% No
3h Er 2 0 3 <5%
650°C ErN 80%
lh N2 Er 2O 3 <20%
1 100°C Ar Er3 Si 5 90%
r"--l-1Ar Er 20 3 10% Weak
Er3 Si5 on Si
900IC Er3 Si 5 70%
lh N2 Er2 3 20% WeakErN 10-15%
Its formation enthalpy at 298 K is [28],
AH(Er 20 3) = -453.6kcal/mol (3.1)
There are no data available for the formation energy of Er3 Si5 . However, it can
be estimated based on a model proposed by Andrews and Phillips [47]. They have
correlated the heat of formation AH of a silicon-rich silicide formed on n-type Si with
its Schottky barrier height (Db in a linear relationship.
cI(b = 0.83 - 0.18(AH) (3.2)
4Ib is reported to be 0.39 eV for Er3 Si 5 [48]. This yields a formation energy of
AH = -55kcal/mol of Er for Er 3 Si5 . The corresponding entropy change(AS) of the
oxidation reaction is mainly due to the change of entropy of 02. AS(O) = 24cal/K
per mol of O (1/202) [49]. The free energy change of the total reaction can be
computed
AG = AH - TAS;
An oxidation reaction as follows can easily occur when Er3 Si 5 is in the presence of
02 since the overall free energy change of the reaction (AG) is negative.
2Er3Si5 + 9/202 - 3Er203 + 10Si; AG < 0; (3.3)
At 298K, AG = -966.4Kcal. Likewise, the reaction between Er3 Si 5 and SiO 2 can
also proceed
Er3 Si5 + Si02 -- ) Er 203 + Si; AG < 0; (3.4)
The formation energy for Si0 2 is AH = -215.94kcal/mol [45]. Since all phases here
in the reaction are solid, the entropy changes are insignificant when compared with
the enthalpy changes here. AG = -59.1Kcal at 298K.
Combining the analysis of the X-ray diffraction data and the existing binary phase
diagrams among Er, Si and O [21], a ternary phase diagram for Er-Si-O system is
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OEr Er5Si3 ErSi Er3Si5
Figure 3-4: Proposed ternary phase diagram of the Er-Si-O system between 450°C
and 11000 C. Two ternary phases on the Er 20 3 and SiO 2 tie line are Er 2Si0 5 and
Er2 Si20 7.
proposed in Figure 3-4. Two phases on the Er 20 3 and SiO2 tie line are the known
ternary phases, Er 2SiO 5 and Er 2Si20 7 [22]. In the presence of 02, as indicated in
Figure 3-4 of the ternary phase diagram, the oxidation of Er3 Si5 occurs. Er 203 and
Si are formed. The oxidation can further proceed to form SiO 2 or the Er-Si-O ternary
phases. Both have been observed in our experiments.
A further test of this phase diagram can be done by looking at the reaction of Er
on SiO 2. No tie line exists between Er and SiO 2 in Figure 3-4 of Er-Si-O ternary
phase diagram . Therefore, SiO 2 is reduced by erbium to form Er 2 0 3 and erbium
silicides. This reaction was confirmed by the annealing of an erbium layer on an
oxidized silicon substrate. We observe the formation of Er 20 3 and Er 2SiO 5 after
the annealing of the erbium layer deposited on an oxidized Si substrate at 1150°C
for 9 h in an Ar ambient. Using 16 0(d, )14 N nucleation reaction technique, Wu et al.
reported a reduction of the SiO 2 layer by the erbium layer during the annealing of
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Figure 3-5: The comparison of Er3 + luminescence spectra in Si:Er and Er20 3.
erbium on a thermally oxidized Si substrate at 500°C for 2h [50].
Knowing the relative phase stability of the Er-Si-O system can help in understand-
ing the effect of oxygen co-implantation on Si:Er. The Er-Si-O ternary phase reaction
(3.3) can be considered as the result of breaking 10 Er-Si bonds and forming 9 Er-O
bonds in the presence of O. It can be inferred that O in Si:Er breaks a Er-Si bond
to form a Er-O bond. In other words, Er prefers to cluster with O in Si:Er. This is
consistent with the findings in Si:Er. Er atoms are surrounded by six O atoms if suf-
ficient oxygen concentrations exist within the Si, otherwise Er is surrounded by 12 Si
atoms [51]. Er atoms surrounded with oxygen atoms are optically active, therefore,
oxygen co- implantation can greatly enhance light emission in Si:Er [6]. Since the
Er-O bond is very stable, the above process should be independent of heat treatment
procedures of Si:Er with oxygen co-implantation. This inference is consistent with
experimental results on Si:Er. The enhanced light emission stays the same regardless
of any additional annealing of the erbium and oxygen implantations [41].
The photoluminescence spectra of the erbium compounds are different. Only
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E7r203 gives arise to an Er emission around 1.54/tm at 4.2 K. It has very different
spectral features from Si:Er due to different Er3 + ligand fields. Figure 3-5 shows
the comparison of the Er3+ luminescence in Si:Er and in Er 2 03 at 4.2 K. Spectral
features of Er3 + at 1.54/tm are the result of the crystal field splitting of the ground
sltate and the first excited state of Er 3 +.The crystal field splitting varies depending
on the symmetry and ligand fields and host materials (see Chapter 2). Therefore, the
different number of peaks and their spacing in the spectra of Si:Er and Er2 0 3 imply
a different symmetry and ligand field for Er3 + in Si:Er and Er 203.
The distinction can be used as fingerprints for the Er compounds. This could
be very important for future studies of Si:Er using photoluminescence techniques be-
cause of the different excitation mechanisms in Si:Er and Er2 03. Since Er 2 03 is
an insulator, the excitation of its optical active Er3 + in photoluminescence measure-
ments is through a direct optical excitation. The pumping energies have to match
the absorption band in Er3+ , at the discrete levels of 1530nm, 980nm and 800nm.
VVhile in Si:Er, the Auger excitation mechanism through carrier recombination is the
dominant process. The pumping bands are continuous as long as the photon energies
exceed bandgap of silicon (Eg = 1.12eV) to generate electron and hole carriers. In
Si:Er device processing, PL can be used as a real-time monitoring tool.
Er 3Si 5 does not give rise to the Er luminescence around 1.54um because Er3 Si5
is a semi-metal with a resistivity < 1OQ - cm at temperatures T < 50K [24]. ErN
does not luminesces either. We infer ErN is also metallic as Er 3Si 5. In Si:Er, an
enhancement was also observed with additional N implantation [10]. The formation of
ErN on a silicon surface in our study suggest that N may cluster with Er similar as O
in Si:Er. However, the N enhancement of the Si:Er light emission is inconsistent with
the fact that ErN is optically inactive. Further research is needed on N enhancement
of light emission in Si:Er.
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3.4 Conclusion
In summary, we found that the Er 3Si 5 (001) plane and the Si (111) plane yield the
lowest energy interface because of their close lattice match. Vicinal Si(111) reacts with
erbium at 1160°C and forms (111) terrace structures. A ternary phase diagram for the
Er-Si-O system is determined based on X-ray phase identification for the temperature
range between 450°C to 11000C. Er3 Si5 is oxidized in the presence of 02 and erbium
reduces SiO2 on a Si substrate, similar to titanium metal. Optically, only Er 2 03
lumiLnesces among the erbium compounds formed during the heat treatment. These
findings confirm the results that erbium precipitates as ErSi 2_(x = .3) in silicon and
erbium clusters with oxygen to form complexes in Si:Er with oxygen co-implantation.
Luminescence studies on various erbium compounds established a unique spectrum
for Si:Er, which ,can be used to fingerprint products of Si:Er processing.
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Chapter 4
Er Diffusion and Solubility in
Silicon
4.1 Introduction
Increasing light emission in Si:Er and improving Si:Er device performance depend on
how effectively one can maximize the optically active centers in Si:Er. The maximum
number of the optically active Er centers which can be introduced in Si:Er is con-
strained by the kinetic and equilibrium factors of the Si:Er system. Er diffusion and
solubility in Si are the basic kinetics and equilibrium parameters in Si:Er. Therefore,
Er equilibrium and metastable solubility limits and Er diffusivity in Si are critical for
the optimal process design to achieve superior performance in Si:Er devices.
Si:Er compatibility with Si IC processing is one of its major advantage of Si:Er
over other optoelectronic semiconductor materials. Transition metal elements such as
Au, Cu, Fe, etc. are detrimental to the Si fabline because they diffuse very fast and are
effective recombination centers (minority lifetime killers) in Si. Preliminary evidence
shows Er in implanted Si:Er does not diffuse as fast as transition metal elements in
Si [6]. Since Er is a fast recombination center in Si, it is critical to provide further
evidence of a slow Er diffusion in Si and to ensure its compatibility with existing Si
fablines.
I)irect measurements of Er diffusivity are experimentally difficult. In Chapter
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2, two conflicting reports on Er diffusivity in Si were discussed. I was unsuccessful
in diffusing Er directly using a ErSi 2 _x overlayer on Si. The primary reason was
that ErSi 2 z reacts with oxygen to form Er 20 3 or Er-Si-O compounds during high
temperature diffusion annealing and therefore reduces Er activity in Si (see Chapter
3). In addition, a low solubility of Er in Si ( 1016 cm-3) posts challenges for Er
detections in an Er equilibrium diffusion experiment.
Ion implanted Si:Er was used to study Er diffusion. Implanted erbium-doped
silicon is the only Si:Er so far to achieve significant luminescence. The first room
temperature Si:Er LED has been fabricated in our lab using implanted Si:Er. Elec-
trical measurements were commonly used to measure the profiles of low solubility
dopants and to obtain their diffusivity. Due to inconclusive results on the electrical
activity of Er in Si (see discussion in Section 2.2.2), it is difficult to interpret the
spreading resistivity (SR) profiles of implanted Si:Er obtained after high tempera-
ture annealing. Little information can be extracted about Er mobility in Si from SR
profiles of Si:Er. Analysis of Er SIMS depth profiles in implanted Si:Er after high
temperature diffusion annealing is the method of the choice to measure Er diffusivity
in Si.
4.2 Experiment
Er implanted Si samples were used. Er was implanted at 5.25 MeV into a silicon
(100) substrate with an implantation dose to produce a profile with an Er peak
concentration at 1 x 1018 cm-3 . Diffusion was carried out in a two step annealing
process. The pre-diffusion annealing at 8500C in Ar ambient was to anneal away
implantation defects without affecting the Er profile. It was first reported [6] then
further confirmed in this study that Er profiles in Si remain unchanged after a 850 -
900°C pre-diffusion anneal. Diffusion annealing was carried out over the temperatures
between 1150- 1300°C in an encapsulated quartz ampoule. The quartz ampoule was
sealed under a base pressure of - 10- 6 Torr and back-filled with purified Ar gas. The
Er SIMS depth profile was measured on a VG IX-70 SIMS microanalyzer at the MIT
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Figure 4-1: SIMS depth profiles of Si:Er before and after diffusion annealing at 13000
for h. The dotted line represents an expected normal diffusion profile.
Surface Analysis Lab.
4.3 Results and Discussion
Figure 4-1 shows typical SIMS profiles of Er before and after diffusion annealing.
After 8500C, 1/2h pre-diffusion annealing, the erbium profile remains in the initial
Gaussian distribution, the same as that of as-implanted. After a h diffusion anneal
at 13000C, a contraction of the Er profile is observed instead of a broadening of the
profile, normally seen for diffusion of group III and group V dopants in silicon. The
expected profile of a normal diffusion is indicated by the dotted line in Figure 4-1.
The second deviation of the profile from a normal diffusion is the appearance of a
constant [Er] _ 1016 cm-3 at the extreme of the profile.
The narrowing of the Er profile suggests that precipitation takes place around the
Er profile peak at the diffusion temperature. The precipitates, as well as the surface
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acts as sinks for [Er] to reach its equilibrium. The flat plateau at the profile extreme
after the diffusion anneal represents the equilibrium solubility of [Er] in Si at the
annealing temperature. The reduction of the Er concentration at the extreme is due
to the combinations of the Er diffusion below its solubility level and the dissolution
of Er-Si precipitates.
Because of the low solubility of Er in Si, a direct observation of Er normal diffusion
requires SIMS analysis of an Er profile with a peak concentration below its solubil-
ity limit 1016 cm-3 . The limit of Er detection makes this difficult to accomplish
experimentally using the SIMS technique. A modified diffusion model, incorporating
the dissolution of the precipitates, can be used to model the observed changes in Er
profiles. As a result, the diffusivity of Er in Si can be extracted.
In the model, Er diffusion is assumed to be the rate limiting step for the nar-
rowing of the Er profile. In other words, the dissolution process of subcritical Er-Si
precipitates at the extreme is fast enough to maintain local equilibrium with solute
Er, which out-diffuses to the surface. This assumption is critical. Otherwise, the
observed narrowing of the Er profile would be determined by the rate of precipitates
dissolution instead of Er out-diffusion. In this respect, the extracted diffusivity from
the model may not represent the true diffusivity , but instead indicate only a lower
bound of Er diffusivity at these temperatures. Furthermore, to simplify the model,
the Er-Si precipitation is assumed to take place instantaneously for concentrations
above its equilibrium solid solubility at such high temperatures (1150 - 1300°C). For
Er below its solid solubility,
dEr d2Erdt =DEr d(4.1)
Er in the form of the precipitates is immobile and assumed to remain in a Gaussian
distribution. The peak concentration is unchanged after short time anneals. This
assumption is consistent with our SIMS observation after lh anneal. However, the
assumption would break down at much longer time anneals when significant depletion
of the precipitates reduce Er peak concentrations. Therefore, for [Er] in the region of
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able 4.1: Er diffusivities in Si at different annealing temperatures based on the
analysis of Er SIMS profiles.
Temperature(°C) Diffusivity(cm2/s)
1300 5 x 10-10
1250 6 x 10-11
1200 5 x 10- 1 1
the precipitates, exceeding the equilibrium solid solubility [Er],
[Er] = Cpexp[-x 2/R 2] (4.2)
where Cp is the Er peak concentration and at 1 x 1018 cm-3 in our samples. R is
the straggle for Er profiles and contracts as the diffusion and precipitate dissolution
process proceeds.
To maintain mass conservation, the Er out-diffusion rate J is equal to the rate of
Er reduction in the precipitation region. Therefore,
J = -D __= f Cexp[-x2/R2 ]dx (4.3)dx dt 
The problem is similar to a moving boundary problem in diffusion studies and can
be solved numerically. The finite difference method is used here to solve the equation
(4.1) (see Appendix B for the computer program). Er diffusivity in Si is obtained by
comparing simulated profiles with the SIMS profiles. The best fit Er diffusivities in
Si at different annealing temperatures are listed in Table 4-1.
A migration enthalpy of Er diffusion in Si - 4.6 ± l.OeV is obtained based on
Er diffusivities in Table 4-1. The migration enthalpy of Er is similar to that of Ge
diffusion in Si [52]. Since Er has a large atomic radius ra = 1.78A, it is not surprising
that Er is a slow diffuser in Si.
The migration enthalpy for Er diffusion in Si can also be estimated using an elastic
energy model [53]. In the model, a diffuser migrates interstitially and moves from
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tetragonal interstitial sites (T site) to hexagonal interstitial sites (H site) in Si. The
migration enthalpy for interstitial diffusion is derived mainly from the elastic energy
difference at the saddle point, H site, and at the equilibrium point, T site. The same
approach has successfully explained the diffusion of dissolved 3d transition metal
atoms in Si [53].
The elastic energy in an particular site can be estimated using a hard-sphere
model.
_i \2ri ' '
" K(rk--riJ r nE; if rE si (4.4)
0; otherwise
Therefore,
Em U aeU, = U - VU (4.5)
where K is the elastic modulus of the silicon matrix (K = 3.02eV/A 2 ). i represents
the hexagonal(H) or tetragonal sites(T). ri = 1.05A and r - 1.17)1 [53]. ZH,T is
the number of nearest Si neighbors in the H(T) site. The atomic radii at each site are
rH = 96%rm and rT = 88%rm in Si, where rm is the metallic radius of the diffuser.
rm(Er) = 1.78A1.
For Er diffusion in Si, Em - AUe = 5.7eV is obtained. The experimental migra-
tion energy and the calculated AUel are plotted in Figure 4-2 together with those for
3d transition metal elements in Si. The general agreements are good. This suggests
Er likely diffuses interstitially in Si. This conclusion is consistent with the theoretical
prediction that the minimum energy configuration for an isolated Er atom in Si is an
Er3+ at tetrahedral interstitial sites [34].
The flat plateau in Er profile represents the equilibrium solubility of Er in Si. Fig-
ure 4-3 shows the Er equilibrium solubilities in Si at different annealing temperatures.
They are in the range of 1016cm- 3, similar to S in Si and retrograded at - 1200°C
[52].
The above [Er] are significantly less than the value of 1 x 1018cm- 3 reported by
Eaglesham et al. as an onset for Er-Si precipitation at 900°C [29]( see Section 2.2.1).
Because of the slow Er diffusivity in Si, its equilibrium solid solubility can be signif-
icant different from the threshold concentration for the onset of precipitation. The
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Figure 4-2: The comparison of the experimental migration energy Em with AUel
calculated using the elastic energy model for Er and 3d transition metal atoms. Data
for 3d transition metal atoms are taken from reference [53].
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Figure 4-3: Equilibrium solubility limit
The dotted line is the guide of eye.
of Er in Si at different annealing temperatures.
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Figure 4-4: Precipitation density of Si:Er for a 900°, 30 min anneal versus Er peak
concentrations. The line shows a fit using homogeneous nucleation theory.
metastable threshold concentration may be controlled by either kinetics or equilib-
rium factors.
The observed precipitation results in Si:Er by Eaglesham et al. can be further
analyzed by diffusion limited precipitation theory. In homogeneous nucleation pre-
cipitation theory, the density of precipitates can be derived in the following equations.
N JDI(Tt)dt = a2 )[Er]Exp[-F]tN I(T, t)dt a a2° Er] (4.6)
where I is the nucleation rate, a is the shape factor. For a spherical precipitate,
oa = 1. ao is the silicon interlattice distance(2.76A). t is the annealing time. D(Er) is
the Er diffusivity and F* is the nucleation barrier for Er-Si precipitates.
Figure 4-4 shows our fit (line) of the Eaglesham et al. data(filled squares). There
are two key features in the data: an "incubation" stage of [Er] ~ 2 x 101 8cm- 3 at
900°C, 30 min; and a linear increase in precipitation density with [Er] beyond that
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concentration. The linear increase is consistent with the nucleation theory dependence
on [Er]. The incubation stage represents a time-minimum required for Er atoms to
associate at the temperature and is also dependent on the Er concentration. The
observed value of 1 x 1018 cm- 3 after 30 min anneal suggests a lower limit for D(Er) >
6 x 10-1 6cm 2 /s at 900°C.
The slope of the data Np/[Er] 7.2 x 10- 4 in Figure 4-4 is very sensitive to
D(Er) and F* in the analysis. Based on the Er diffusivity and its migration en-
thalpy obtained earlier, D(Er) = 10-15cm2 /s at 900°C is estimated. Using D(Er) =
10-1 5cm2 /s, approximately 100 hours are required to reach equilibrium at 9000C in
Si:Er. Furthermore, as a self-consistency check, a two-parameter fit in the model
yields D(Er) = 10-1 5cm 2 /s and F* = 1.57eV. The nucleation barrier is similar to
values discussed for oxygen precipitation in Si [54].
It is important to point out that the Er equilibrium solid solubility of 1016 cm- 3
does not imply an upper limit for Er incorporation in Si. Because of the low Er
diffusivity in Si, a much higher Er concentration can be incorporated into Si. The
experiments of Eaglesham et al. suggest that a metastable concentration [Er] =
1018 cm-3 , two orders of magnitude higher than [Er]s, can be achieved in Si for 900°C
heat treatments of t < 30 min.
The metastable threshold concentration can be further altered by modifying either
kinetics or equilibrium factors in Si:Er. Recently, Polman et al. reported an incor-
poration of much higher concentrations (_ 1020 cm- 3 ) of Er in crystalline Si by solid
phase epitaxy of Er-implanted amorphous Si [55]. The limit for Er incorporation was
temperature dependent, decreasing from 1.2 x 1020 cm- 3 after 15 min anneal at 600°C,
to 6 x 1019 cm-3 after 15s anneal at 900°C. A much higher migrational barrier for
Er precipitation must be in place than in Eaglesham et al. observation. Conversely,
the precipitation kinetics can also be enhanced and therefore reduce the metastable
Er concentration. In a Si:Er sample with a flat Er concentration of 5 x 1017 cm-3,
created by multiple implantations, < 20%ErSi 2 precipitates were reported [51]. The
precipitation enhancement was likely due to high defect densities created during the
multiple Er implants. Impurity doping can alter the equilibrium conditions in Si:Er.
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As we will see in Chapter 5, with F co-doping, a large number of Er atoms form
complexes with F in Si:Er-F and therefore the available free [Er] for the precipitation
is significantly reduced. Er-Si precipitation in Si:Er is therefore suppressed.
4.4 Conclusion
In summary, Er diffusion and its solubility in Si are studied based on the analysis
of Er SIMS profiles in Si after high temperature annealing. It is found that Er is a
slow diffuser with moderate solubility in Si. The values for D(Er) are similar to those
observed for Ge in Si. The equilibrium solid solubility for Er is in the range observed
for S in silicon with [Er]s, 1016 cm- 3 between 1150°C to 1300°C. Si:Er processing
should be comparable with standard Si IC processing and should not contaminate the
existing Si fabline. Metastable Er can be incorporated into Si at the concentrations
far exceeding its equilibrium solid solubility.
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Chapter 5
Optical Activity of Erbium-Doped
Silicon
5.1 Introduction
The future of Si:Er as an optoelectronic semiconductor material relies on successful
development of high performance Si:Er photonic devices. Maximizing the concentra-
tion of optically active Er centers in Si:Er is a necessary step to achieve strong light
emission and to obtain good Si:Er device performance. Significant progress has been
made in recent years to improve Si:Er performance. Many questions still remain, as
discussed in Chapter 2. The exact structure of optically active Er centers is not yet
known. The current challenge in Si:Er research is to further enhance light emission
intensity by optimizing processing conditions.
As was described in Section 2.2.3, the brightest 1.54tum emission of Si:Er thus far
comes from Si:Er material co-implanted with selected electronegative impurities [6][7].
The co-doped electronegative impurities such as O, F, C and N form ligands with
Er3 in Si and are necessary to achieve Er optical activity in Si [20][6]. The EXAFS
study on the local structure of Er3 + in Er doped Czochralski-grown (Cz) silicon
and erbium-doped Float-zone grown(Fz) silicon indicates that Er3 + is dominantly
surrounded by oxygen atoms in Si(Cz):Er, conversely, in Si(Fz):Er which yields very
weak light emission, Er3 + is mainly surrounded by Si atoms [51].
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In this chapter, the impact of oxygen co-implantation on the Er light emission will
be discussed further. Oxygen was the first and is the most common impurity element
used to enhance the light emission in Si:Er, largely because it is an impurity in
concentration - 101 8cm- 3 in Cz-Si. The heat treatment process of Si:Er with oxygen
ligands will be analyzed in the first section to help design optimized processing.
In the following section, a systematic study of the interaction of Er3 + with fluo-
rine ligand in Si is presented to confirm our understanding of the physical processes
occurring during Si:Er heat treatment and of the structure of the optically active Er
centers. Fluorine was chosen as a prototype dopant primarily because it interacts
strongly with Er in Si. We found that the light intensity from Si:Er co-doped with
fluorine was 100 times stronger than with oxygen doping at the same level. In addi-
tion, fluorine is a low concentration impurity in Si compared with 1018 cm- 3 oxygen
in Cz silicon and 1016cm- 3 oxygen level in Fz silicon. This low background allows us
to observe the interaction of Er3 + and F under a wider range of F concentrations.
Furthermore, because fluorine should have a sizable solubility in Si due to its small
atomic radius (0.57A1), F in Si should remain in solution during heat treatment. Fi-
nally, the F level in Si can be more precisely profiled experimentally using Secondary
Ion Mass Spectroscopy (SIMS) because the relative sensitivity factor of F is two or-
ders of magnitude better than that of O in Si for SIMS measurements [56]. The SIMS
depth profiles of F in Si provide valuable microstructural information concerning the
physical processes in Si:Er during heat treatment.
In the last section, a simulation model based on the solid state reactions and ligand
out-diffusion is constructed to simulate the physical processes taking place during
Si:Er heat treatment. The simulated results are compared with the PL intensities
and SIMS depth profiles in Si:Er to demonstrate the important role of the complex
dissociation and the out-diffusion of the ligands such as F and O during Si:Er heat
treatment.
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5.2 Experiment
E r ion implantation was performed at room temperature. For Si:Er with oxygen co-
implantation (Si:Er-O), 5.25 MeV or 4.5 MeV Er implantations were used to produce
an Er profiles with projected ranges Rp at 1.78pum and 1.5pum, respectively. The Er
peak concentration was 1 x 1018cm- 3. Additional oxygen co-implantation at 1.08
MeV produced an oxygen profile which matched the Er profile. The oxygen peak
concentration was 1 x 1018cm-3 . For studies of Si:Er with F ligand (Si:Er-F), 1 MeV
EI implantation was used with an implantation dose of 1 x 1013 cm-2 to produce an Er
profile with a peak concentration of 5 x 1017cm-3 at a depth of 0.3/um. F co-implants
were done with an ion energy of 150 keV to match the Er spatial profile. The F dose
was varied from 1.0 x 1013 cm-2 to 1.0 x 1015 cm-2 to give a corresponding F peak
concentration [F]peak from 5 x 1017 cm- 3 to 5 x 101 9cm - 3. A 500Q-cm Fz Si substrate
was chosen to provide a low oxygen background level (< 1016 cm-3 ).
The heat treatment was carried out in a conventional quartz furnace, purged
continuously with Ar gas. The samples were placed between two clean Si wafers to
minimize any impurity contamination. Photoluminescence (PL) measurements (see
Appendix A for details) were done at 4.2 K with a 2 W argon ion laser emitting at 488
nm, a 0.75 m Spex spectrometer and a cooled Ge detector. The excitation power was
varied from 0.3 W to 1.5 W to saturate the Er3 + centers. The Si:Er light intensity
was measured at the PL peak emission intensity at A = 1.54,um.
5.3 Si:Er with Oxygen Co-implantation
Post-implantation annealing is critical to remove implantation damage and to opti-
cally activate Er in Si. The Er light emission in Si is very sensitive to the processing
temperature and time. Figure 5-1 shows the effect of annealing temperature on the
light emission of Si:Er co-doped with oxygen. At low annealing temperature, large
amount of displacement defects introduced by the implantation are still present. The
dominant optically active centers are erbium-defect complexes. No significant differ-
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ence in PL intensity due to the oxygen level in Si is observed. At higher temperature
annealing (T > 800°C), the dominant optically active centers are erbium-oxygen
(Er - O.) complexes. We observe a significant increase in the PL intensity from
high levels of oxygen in Cz-Si and from the additional oxygen co-implantations. At
even higher temperature, Er - O. complexes start to dissociate. The oxygen out-
diffusion at the high temperature significantly reduce the free oxygen concentration
in Si:Er. Therefore, the number of optically active erbium-oxygen complexes and the
PL intensity in Si:Er decrease.
The optimum annealing temperature to obtain the maximum light emission from
erbium-doped Cz-silicon is 900°C. This optimum temperature shifts to a lower tem-
perature with additional oxygen co-implantation as shown in Figure 5-1. A similar
shift of the optimum annealing temperature to a lower temperature was also observed
in Si:Er-F system as the F implantation dose increased (see the following section).
The reason for this shift is the fast rate of the Er-O association to form the optically
active centers because of the shorter diffusion distance with a larger concentration of
oxygen.
The annealing time also has a significant effect on the Er3 + luminescence intensity
in Si:Er. Figure 5-2 shows the effect of heat treatment time on the Er light emission
in Si:Er with oxygen co-implantation. The PL peak intensity (shown in the insert)
reaches its maximum after an 1/2h anneal and starts to decrease rapidly for annealing
beyond h. The PL intensity decays more slowly at longer annealing times. The
spectra of the Er3 + light emission at A = 1.54,tm is also shown in Figure 5-2. They
evolve into simpler spectra as the annealing time prolongs. The development of the
spectra is believed to result from the changes of the local environment around optically
active Er centers.
High resolution spectra show more clearly the evolution of PL spectra of Si:Er
as the annealing time increases. Figure 5-3 compares the high resolution spectrum
of Si:Er-O annealed for 1/2h with that of Si:Er-O annealed for 32h at 900°C. The
spectral resolution in Figure 5-3 is 2, as compared with 40A1 resolution in Figure 5-2.
After 1/2h annealing, there are many clearly defined lines present in the spectrum
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Figure 5-1: Photoluminescence intensities of Si:Er doped with oxygen are compared
with those of Si(Cz):Er, Si(Fz):Er as a function of annealing temperatures. Data for
Si(Cz):Er and Si(Fz):Er labeled by A, * and o are taken from reference [6].
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Figure 5-2: The effect of annealing time on the luminescence spectra of Si:Er-O after
900°C isothermal annealing. The insert shows the PL peak intensity of Si:Er-O decays
with the annealing time.
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Figure 5-3: The impact of longer annealing time on high resolution spectra of Si:Er
doped with oxygen.
in Figure 5-3. The luminescence lines indicate that there is more than one optically
active Er center in Si:Er because the characteristic 5-line spectrum is lost, the ad-
ditional centers must occupy sites with lower symmetry than Td. There appear to
be a limited number of luminescence centers with well-defined structures after the
1/2 h anneal. In contrast, after 32 h annealing, Si:Er spectrum shows no separable
spectral lines around A = 1.54,um and display primarily inhomogenous broadening.
It is similar to the inhomogenous broadening of the spectral lines in rare earth doped
mixed ionic crystal [57]. This broadening signifies the contribution of many more
Er-related luminescence centers in different symmetry sites.
A similar evolution of Er 3+ spectra is also observed as the annealing temperature
increases. A 1000°C, 1/2 hour anneal yields a spectrum similar to the 900°C, 4-10h
anneal in terms of both spectral features and photoluminescence intensity. In other
words, an equivalent impact on the Er PL spectra can be achieved by either high
temperature and short time annealing or low temperature and long time annealing.
This result suggests that the post-implantation heat treatment process of Si:Er is
kinetically limited, most likely controlled by a diffusion process. A similar impact on
the Er3 + spectra due to the heat treatment was also observed in Si:Er-F.
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The role of a diffusion controlled process is further supported by the additive effect
on the Er light emission of sequential processing cycles. For each process cycle, the
effects on the PL intensity and the spectral features are additive. In other words, the
effect of two separate 900°C, 30 min anneals is equivalent to that of one one-hour
annealing at 9000°C. Furthermore, the heat treatment process involving the optically
active Er centers is irreversible. In an experiment in which Si:Er samples with oxygen
were first annealed between 1100 - 13000°C for h, little effect on the PL intensity
(or a slight decrease of PL intensity) was produced by an additional 30min anneal at
900°C. Similarly, no effect on PL intensity was observed in Si:Er from a 450°C and
up to 100h annealing, following a 900°C, 30min annealing [6].
At high temperature, the PL intensity decreases significantly, as shown in Figure 5-
4. The heat treatment process at T > 10000°C is dominated by the dissociation of Er-O
complexes and outdiffusion of O ligand. Fast out-diffusion rate at these temperatures
results in a significant reduction in the concentration of the optically active centers
in Si:Er. At such high temperature, Er diffusion becomes significant and Er silicide
starts to precipitate. The Er precipitation process results in a further reduction of
the light emission intensity. The activation energy ( 4.5eV) in Figure 5-4 represents
the rate of this kinetic process determined by the Er-O complex dissociation and the
0 ligand outdiffusion and the Er silicide precipitation. For actual Si:Er devices, such
high temperature processing should be avoided.
In summary, it is found the optically active centers in Si:Er-O are metastable after
post-implantation heat treatment. Increasing annealing time has the same impact on
the optically active Er centers as increasing annealing temperature in the temperature
range between 900 - 1100°C for Si:Er with oxygen co-implantation. The optimum
annealing temperature of Si:Er shifts to a lower temperatures with increasing oxygen
co-implantation doses.
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Figure 5-4: An Arrhenius relationship of the Er3 + PL intensity of Si:Er doped with
oxygen after high temperature annealing. The samples are Er doped n or p type Fz-Si
co-doped with 1 x 1018 cm-3 oxygen.
5.4 Si:Er with F Co-implantation
Figure 5-5 shows the light emission enhancement in Si:Er using F co-implantation
(Si:Er-F). The magnitudes of the luminescence peak intensity at 4.2 K are shown
here as a function of F concentration in Si:Er for different annealing temperatures of
a 1/2 hour anneal. The maximum luminescence intensity from Cz Si (1 x 1018cm- 3
oxygen) with the same Er concentration is marked with the horizontal dashed line.
The oxygen anneal was optimum at 900°C for 1/2 hour for Er in Cz-Si. In comparison,
fluorine has a clear advantage over oxygen in Si:Er. Figure 5-6 compares the effect
of O and F co-implantation on the Er PL intensity at 4.2K. Both samples have the
same Er concentration and undergo the same 900°C, 30 min anneal. The Er emission
with [F]peak = 4 x 1018cm-3 is two orders of magnitude stronger than Er in Cz-Si
with oxygen level at 1 x 1018 cm- 3. For [F]peak = 1 x 1018 cm-3, the Er light emission
intensity is a factor of ten greater than oxygen, as seen in Figure 5-5.
The light emission from Si:Er increases with the initial F implantation concen-
66
[ n-Si A
A p-Si
/A
Ea = 4.5eV
I I I I 
101
d
01_1
4_c
100
10'
10-2
1017 1018 1019 1020
Fluorine Peak Concentration (cm- 3)
Figure 5-5: The effect of F co-implantation on the PL peak intensity of Si:Er after
30 min anneal. Horizontal dashed line is the PL intensity in Si:Er with 1 x 1018 cm- 3
oxygen after 900°C, 30 min heat treatment.
200
100
c-
(A
r_0_c
0_)
0.0
2
1
0.0
1.3 1.4 1.5 1.6 1.7
Wavelength (im)
Figure 5-6: Comparison of the effect of O and F on the Si:Er PL intensity at 4.2 K.
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tration, and is increased by two orders of magnitude when the [F]peak is raised from
5 x 1017 cm- 3 to 5 x 1018 cm-3 with the same Er profile, in Figure 5-5. The lines
in Figure 5-5 are the least square fits for the light intensity of Si:Er after the same
heat treatment process. All heat treatments show a similar slope of 1.5 in the
log-log plots in the temperature range 800 - 1100°C. This [F]1 5 dependence of the
PL intensity on the initial F level in Si:Er indicates that an Er-F complex is the
source of the light emission in Si:Er-F. It is important to note the [F]1 5 dependence
provides only a rough engineering guide for determining the initial F implantation
dose. F out-diffuses significantly between 800 - 1100°C after 1/2 hour annealing and
the amount of F atoms retained in Si varies depending on the F outdiffusion and the
Er-F complexes dissociation processes taking place in Si:Er-F at different annealing
temperature. It is shown later in the chapter that the luminescence intensity is lin-
early proportional to the total amount of F atoms retained in Si:Er-F after the heat
treatment.
For F peak concentrations exceeding 101 9 cm-3, the light intensities at 1.54m,
which are labeled as 0 in Figure 5-5, are artificially high. Figure 5-7 compares the
high resolution spectrum of high F concentration ([F]peak = 5 x 1019 cm-3 ) with that
of low F concentration ([F]pea,,, = 4 x 1018 cm-3), after a 900°C, 30 min anneal. The
spectral resolution is 41. The sharp emission lines from Er3+ in Si:Er-F ([F]p,ak =
5 x 1019 cm-3 ) are superimposed on a broad background spectrum.
The broad feature associated with high [F] ([F]peak = 5 x 101 9 cm-3) is different
from the sharp Er3+ emission at A = 1.54/1m. The broad spectrum is likely related
with the significant implantation damage at high [F]. The peak of the broad spec-
trum shifts at different measurement temperature, as shown in Figure 5-8. The peak
position moves from 1.52/lm to 1.56,um as the PL sampling temperature is increased
from 4.2 K to 225 K. Conversely, the sharp emission from Er 3+ in Si maintains a
constant wavelength position, independent of the measurement temperature.
Furthermore, the broad background spectrum disappears after the material is an-
nealed at high temperature between 1000 - 1100°C. However, after high temperature
annealing, the Er light intensity decreases significantly due to the dissociation of Er-F
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Figure 5-7: PL spectra of Si:Er with F concentration of 5 x 1019 cm- 3 and 4 x 1018 cm- 3
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Figure 5-8: The PL spectra of Si:Er with F= 5 x 101 9cm-3 as a function of measure-
ment temperature.
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complexes and a fast F out-diffusion rate. There is no advantage combining high F
implants with high temperature annealing to enhance the light emission in Si:Er.
The optimum annealing condition varies with the initial F peak concentration. As
indicated in Figure 5-9, the processing temperature to achieve the maximum Si:Er
light emission after 1/2 hour annealing decreases from 1000°C to 800°C as [F]peak
increases from 5 x 1017 cm-3 to 5 x 1018 cm-3 . At higher F concentration, fewer diffusion
jumps of F to Er sites are required to form optically active complexes because of a
shorter average separation between Er and F. A similar argument was presented in the
previous section to explain the similar impact on the optimum annealing temperatures
of high O implantation dose. Furthermore, it was reported the F out-diffusion rate was
faster with a higher F concentration in Si [58]. It is because the limiting steps for the
F' out-diffusion in Si are the formation of F containing species such as SiOF2 and SiF4
and the desorption of those F containing species from Si surface [58]. The reaction
rate to form those F containing species is [F] dependent and increases significantly
at a high F concentration. Therefore, at higher F concentration , smaller percentage
of the initial F dose is retained in Si after the same temperature annealing. The
absolute PL intensity remains higher with a higher initial F dose after the same
heat treatment. However, the luminescence intensity decays fast and the optimum
annealing temperature shifts to a lower temperature.
The light emission intensity in both Si:Er-F (Figure 5-9) and Si:Er-O (Figure 5-1)
shows a characteristic behavior as a function of annealing temperature. A schematic
drawing of the main physical processes taken place in Si:Er-F during heat treatment
is shown in Figure 5-10. This characteristic annealing behavior can be understood as
the competition of three different processes: (1) implantation damage recovery; (2) F
out-diffusion; and (3) complex formation and dissociation. The Si:Er light intensity
and the concentrations of optically active Er centers are determined by the dominant
process at different temperatures. Specifically, below 800 - 900°C, the dominant
process is damage recovery and the formation of Er-F complexes. An increase of the
PL intensity is expected as the annealing temperature increases. Above 800 - 900°C,
F out-diffusion becomes dominant. The out-diffusion of F in Si:Er reduces the number
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Figure 5-9: The PL peak intensity ( at 4.2 K) vs the annealing temperature as a
function of the F concentration in Si:Er-F for a 30 min anneal.
of the Er-F complexes and the luminescence intensity. Above 1100°C, F out-diffusion
is very fast and the dissociation kinetics of the Er-F complex becomes the rate limiting
process. A 2.4 eV activation energy of the dissociation process can be measured from
Figure 5-9, based on reduction of the luminescence intensity between 1000 - 1100°C.
The SIMS depth profiles of Er and F in Si after heat treatment are shown in
Figure 5-11 and 5-12, respectively. The Er profile remains basically unchanged during
annealing between 800 - 1100°C. A small degree of Er accumulation at the surface
is seen in Figure 5-10 and indicates that Er out-diffusion has started to occur at
1100°C. The slight variation in the Er peak concentration in Figure 5-11 is due to
the experimental noise. F out-diffusion dominates the heat treatment process of Si:Er-
F. Significant F out-diffusion occurs at 800°C after 1/2 hour and 10 hour anneals with
the F distribution maintaining coincidence with the Er distribution. The majority
of the bonded F in Er-F complexes dissociates and out-diffuses at 1100°C for 30
min, confirming the dissociation process. The total F atoms retained in Si after heat
treatment can be calculated by integrating the F depth profile. The Er light intensity
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Figure 5-10: Schematic drawing of the physical processes taken place in Si:Er-F during
heat treatment.
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Figure 5-12: SIMS depth profiles of F in Si:Er-F after heat treatments. Initial F level
is at 4 x 1018cm- 3 and marked with dashed line. Er profile remains constant.
is linearly proportional to the total F retained in Si, as shown in Figure 5-13. This
result further confirms that the Er- F associates are the source of the luminescence
in Si:Er-F. In other words, the Er-F associates are the optically active Er centers in
Si:Er doped with fluorine ligand.
The annealing time also affects the light emission of Si:Er-F. Figure 5-14 shows
the effect of annealing time on the PL intensity at A = 1.54/zm. The light emission
in Si:Er reaches a maximum after 1/2 hour annealing and then slowly decreases
with additional annealing time. This behavior is consistent with the long term F
out-diffusion (decreasing the PL intensity) at 8000C and 9000C, superimposed on the
initial damage recovery/ Er-F complex formation process (increasing the PL intensity)
described earlier.
The emission spectra of Si:Er also varies with the annealing time. Figure 5-15
shows the effect of annealing time on the Si:Er PL spectra at 8000C. The shifts of the
peak and the development of a less complex spectrum are noticeable. These changes
suggest that the local ligand fields around the optically active Er3 + consolidate from
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Figure 5-15: The effect of annealing time on the PL intensity of Si:Er during 800°C
isothermal annealing. The insert shows the PL peak intensity of Si:Er evolves with
the annealing time.
many different centers to a single more stable type. The same changes on the Si:Er
spectral features take place with increasing annealing temperature, but to a much
greater extent, as shown in Figure 5-16. The impact on the PL intensity due to
increasing annealing temperature has already been discussed, shown in Figure 5-9. A
longer time anneal has the same impact on the luminescence intensity and the spectral
features as a higher temperature anneal. Table 5.1 lists the annealing conditions to
yield the equivalent luminescence intensity and spectrum in Si:Er-F.
The same effect of high annealing temperature as of long annealing time on the
light emission and on the optically active Er centers are seen in both Si:Er-F and
Si:Er-O. The optically active Er centers after 900°C, 30 min anneal are metastable.
The post-implantation heat treatment process is kinetically controlled by a ligand
out-diffusion process.
In summary, fluorine is very effective in increasing light emission in Si:Er. We have
achieved two orders of magnitude enhancement in light emission at low temperature
over the commonly-used ligand, oxygen. The light intensity increases linearly with
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Figure 5-16: The evolution of the Si:Er-F PL spectra as a function of annealing
temperature during an isochronal anneal. The F peak concentration in Si:Er is 4 x
1018cm-3 .
Table 5.1: The annealing conditions to yield
spectrum in Si:Er-F
equivalent light emission intensity and
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Si:Er-F Processing Equivalent
sample conditions conditions
F=4 x 1018 800°C, 10 h 900°C, 30 min.
F=3 x 1018 900°C, 10 h 1000°C, 30 min.
F=2 x 1018 900°C, 4-10 h 10000C, 30 min.
F=1 x 1018 9000C, 1-4 h 10000C, 30 min.
1
total F atoms retained in Si after heat treatment. The light intensity after a 1/2
hour anneal has a [F]1'5 dependence with the initial F implanted peak concentration
between 5 x 10'17cm- 3 and 5 x 1018cm- 3. Er-F associates are the optically active Er
centers and the source of the light emission in Si:Er with F co-implants. The optimum
heat; treatment condition to achieve the maximum light emission depends on the
interaction of the three processes occurring in the heat treatment: (1) implantation
damage recovery; (2) F out- diffusion; and (3) complex formation and dissociation.
The optimum heat treatment temperature decreases from 1000°C to 8000 C for an
1/2 hour anneal as the F implantation concentration increases. For implanted F
peak concentrations above 1019 cm- 3, the damage dominates the luminescence at A =
1.54,um. The processing advantage of fluorine is most likely due to its high diffusivity
which allows Er-F to associate at the temperature where the associate is stable and
where Er diffusion and precipitation are limited.
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5.5 Si:Er Process Simulation
In order to establish an optimum process for a Si:Er device, a process model has
been constructed to simulate the solid state reactions of Si:Er during heat treatment
processes. For actual device processing, for example that of a light emitting diode,
Si:Er may undergo several annealing processes besides the post-implantation anneal.
Each high temperature process will have an impact on the optically active Er centers
and, therefore, affect the final performance of a Si:Er device. A good process simulator
allows one to predict the impact and streamline process design to improve final device
performance. The success of the simulation model helps confirm our understanding
of the annealing process and provides further insight into the Si:Er defect chemistry.
A good device process simulator employs a concise physical model capable of de-
scribing the actual internal material processes occurring during heat treatment. The
internal material processes taking place during the Si:Er heat treatment process are
complex. As pointed out in Section 5.4, there are three major processes controlling
material performance: (1) implantation damage recovery; (2) impurity ligand out-
diffusion; and (3) Er-impurity complex formation and dissociation. Depending on
the processing temperature, one of the three processes dominates and determines the
optically active Er centers in Si:Er. Besides these major processes, other processes
also occur in Si:Er such as the formation of the Er-defect complexes at low temper-
atures, and the Er diffusion and the formation of ErSi 2 _ precipitates at very high
temperatures.
A flow chart for the Si:Er process simulator described in the following section is
shown in Figure 5-17. Based on the initial processing conditions such as Er and F
ligand profiles, the model simulates the solid state reactions and ligand out-diffusion
in Si:Er, calculates the number of the optically active Er centers and the luminescence
intensity. The model includes two of the major processes occurring in Si:Er during
the heat treatment, namely the formation and dissociation of Er-impurity complexes
and the outdiffusion of ligand impurity atoms. It does not include the processes
occurring at very low and very high temperatures: the processes of implantation
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Figure 5-17: A schematic drawing of the Si:Er process simulator.
damage recovery and Er silicide precipitation. The recovery of implantation damage
is fast at the normal processing temperature and becomes a dominant rate limiting
process only at low temperature. Er diffusion and precipitation becomes significant
only at very high temperature, see Chapter 4. At such high temperature, Si:Er loses
most of its optical activity due to Er-ligand dissociation and ligand outdiffusion. For
actual Si:Er devices, such high temperature processing should be avoided.
5.5.1 Si:Er Process Model
The simulation will be presented in terms of the Si:Er-F materials system. There are
three Er-F complexes, ErF, ErF2 and ErF3 , in Si:Er doped with F. The association
reactions for each of the Er-F associates are as follows:
Er + F - ErF; (5.1)
ErF + F ErF; (5.2)
ErF2 +F ErF3; (5.3)
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where Kfi and Kri are the forward and the backward reaction rate for each reaction
(i:=1, 2 and 3) respectively, and the ratio of the forward and the backward reaction
rate is the equilibrium reaction constant of the reaction.
KfiKi =KKri
Si:Er-F can be regarded as a dilute solution of Er and F in Si, and therefore the
equilibrium reaction constant for the first reaction (5.1) can be estimated as
K-1 Kr [Er] x [F] C, Exp[/kT]
Kf- [ErF] 0
where Cs is the density of lattice sites and is equal to 5 x 1022 cm- 3 in silicon. 0 is
the number of ways one F atom can neighbor one Er atom and is taken as the site
coordination number. 0 = 4 in Si. AH 1(< 0) is the enthalpy of the reaction.
Similarly, the equilibrium reaction constants for other two reactions, K2 and K3 ,
can be estimated as follows,
Kr 2 _ [ErF] x [F] C,K2-l = Exp[H2kT]Kf 2 - [ErF2] -
and
Kr3 [ErF2] x [F] C,K- 1 Kf= [ F] - Exp[ H3/kT]
where AH 2 and AH 3 are the reaction enthalpy for the reaction (5.2) and (5.3) re-
spectively.
Fluorine is the dominant mobile species in Si:Er-F and 'diffuses rapidly by an
interstitial mechanism in silicon [59]. In comparison, Er diffuses very slowly at tem-
peratures between 800-1100°C and is practically immobile. Er is treated as immobile
in this model and so are the Er-F associates. The association barriers between F and
Er, ErF, and ErF 2 are small due to a small migration energy associated with F dif-
fusion in Si (shown later in the same section). Assuming no long range attraction,
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the forward reaction rate can be estimated as
Kfl = Kf2 = Kf3 = 47raDF
where Df is F diffusivity in Si and a is the nearest neighbor distance. For F in Si,
a := 2.76A.
If the Er-F association reactions occurred in the gas phase, the enthalpy for each
F and Er association reaction would be calculated based on the values of standard
enthalpy, listed in Table 2.3. In that case, AH 1 = 45kcal/mol = 1.95eV, AH 2 =
119kcal/mol = 5.16eV and AH 3 = 130kcal/mol = 5.64eV. These values are reduced
in Si:Er because of the screening effect by the silicon lattice. Although the exact
binding energy for each reaction in the silicon lattice is not clear, a reasonable starting
point estimate is to assume that the enthalpy value for each reaction in the solid is
proportional to that in gas phase. H 1 : H2: H3 = 1.95: 5.16: 5.64
F is the only mobile species in this model. The free F diffusivity is concentration
independent due to the low F concentration in Si and its interstitial (mono-molecular)
diffusion mechanism. According to Fick's second law, we have F diffusion as
dF d2F
dt= Df d 2 (5.4)dt dx2
There are no direct experimental measurements reported for the F diffusivity in sil-
icon. However, experimental studies on F implanted in Si shown F out-diffuses very
fast in Si [58][60]. First principle theory predicted interstitial F diffusion in Si with a
migration energy of 0.7eV [59]. In the simulation performed in the next section, the
diffusivity of fluorine in Si between 800 - 1100°C is assumed to have an Arrhenius
relationship.
Df = Dexp[ E]
where Em = 0.7eV and D = 10 - 3 - 10 - 5, a typical value for an interstitial diffusion
in Si.
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The desorption of F containing species at the silicon surface limits the fluorine
out-diffusion [583. So at the surface,
JF = (C - Cb) (5.5)
where Co is the F concentration at the silicon surface and a is the mass transport
coefficient describing the desorption rate of volatile F containing species at the surface.
Cb is the F concentration in the gas flow and it is very small.
The light emission in Si:Er is linearly proportional to the number of optically active
Er centers. In this model, the ErF3 associate is postulated as the stable optically
active center in Si:Er-F. Therefore, a normalized luminescence intensity from Si:Er-F
can be calculated as
PL oc /[ErF3]dx (5.6)
The ErF3 assumption is based on the following reasoning. First of all, it is very
likely that the ErF3 complex gives the strongest Er3 + light emission among the
Er-F associates. Luminescence in Si:Er arises from the non-symmetric ligand fields
around Er3 +. Because of the strong bonding between Er and F in ErF3 , ErF3 most
likely has the strongest crystal field around Er3+ ions, therefore, ErF3 yields strong
Er 3+ luminescence. Secondly, ErF 3 is the overwhelmingly dominant Er-F associate
in Si:Er because of its strong enthalpy energy AH 3. Even if ErF and ErF2 are
optically active and yield similar Er3 + luminescence intensity, their contributions to
the light emission are insignificant if the gas phase binding energy enthalpies scale
the solid state values. However, the model cannot decide which Er-F associates are
optically active. If ErF 3 turns out to be completely optically inactive in comparison
to ErF and/or ErF 2, the simulated luminescence intensity from this model has to
be modified accordingly.
5.5.2 Results and Discussion
The mathematical equations of the model describing the processes of the ligand out-
diffusion and the complex formation and dissociation in Si:Er-F are listed in Ap-
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pendix C. The simulations were performed using the dial-an-operator feature of the
simulation software PEPPER [61]. PEPPER is a general finite element partial dif-
ferential equation solver for the diffusion-type problems. There are four independent
parameters in this model, the reaction enthalpy for ErF 3 complex reaction AH3 , the
fpre-exponential factor for F diffusivity Do, the mass transport coefficient a (or a/D
ratio) and the residual F concentration Cb in the gas flow. The last two parameters
describe the F desorption at the surface and in general do not affect the results signif-
icantly. Cb is small and set to be 1 x 1012 cm- 3 in the simulation. The ratio of a/D
determines F concentration at the surface and a typical value of ac/D 0.1 was used
in the simulation [62]. H 3 and Do are the fitting parameters, determined using the
Levenberg-Marquardt optimizer PROFILE [63]. The values act as self-consistency
checks when compared with the experiment data. The SIMS profiles of F at 800°C
are used as the reference profiles for the optimizer (see Appendix C for details).
Figure 5-18 shows the comparison of the simulated and the experimental SIMS
F profiles in Si:Er after annealing at 8000 C for 1/2h and 10h. The F concentration
given by the simulation is calculated using
F = [F] + [ErF] + [ErF2] * 2 + [ErF3] * 3
where [F], [ErF], [ErF2] and [ErF3 ] are the concentration profiles for each F-related
species in Si:Er-F. H3 = -2.5eV and Do = 5 x 10-4cm2 /s are the best fitting
parameters, used in the simulation.
The fitting value for reaction enthalpy AH3 agrees well with the activation energy
of the dissociation of 2.4 eV in Si:Er-F, which was determined from the PL intensity in
Figure 5-9. Do(= 5 x 10-4 cm2 /s) is within the typical range for interstitial diffusion.
Figure 5-19 shows the individual concentration profiles of each species in Si:Er doped
with F after 8000C, 30 min anneal. Since F diffuses very fast, the majority of the
free F is out-diffilsed after 30 min at 800°C. The F level is controlled by the surface
mass transport coefficient a and Cb and the Er-F association reactions. The majority
of F in Si:Er is bonded to Er in the form of ErF3 . ErF3 is essential to explain
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Figure 5-18: The concentration profiles of total F in Si:Er after 800°, 30 min anneal(a);
800°, 10h anneal(b); generated with parameters Do = 5 x 10- 4 , zH 3 = -2.5eV,
oaD(F) = 0.1 and Cb = 1 X 1012; and are compared with the experimental profiles
measured by SIMS.
the F peak concentration in the SIMS profile which is 3 times higher than the
implanted Er peak concentration of 5 x 1017cm-3 after 30 min anneal at 800°C,
shown in Figure 5-12. The free [Er] concentration 2 x 1016 cm-3 is far lower than
the implanted Er concentration. The ErF and ErF2 levels are very low compared
with the concentration levels of ErF3 and free Er due to their relatively small reaction
enthalpies.
With longer annealing time, the model predicts that the ErF3 concentration level
will decrease. The free [Er] concentration increases, as well as the ErF level. However,
the ErF and ErF2 levels are still insignificant in comparison with ErF3 and free [Er]
levels.
A decrease of the ErF3 concentration level with annealing time suggests a re-
duction of the light emission intensity of Si:Er-F. We use the relative PL output
as a measure of the optically active ErF3 concentration. Figure 5-20 compares
the simulated light emission intensity with the experimental PL intensity of Si:Er-
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Figure 5-19: The concentration profiles of ErF, ErF2 , ErF3 , free [Er] and [F] in
Si:Er after 800°, 30 min anneal, are generated using the same parameters as in Figure
5-19.
F of Fpeak = 4 x 1018 cm-3. The same simulation parameter values were used,
AH3 = -2.5eV and Do = 5 x 10-4 cm2 /s. The PL intensity after a 30 min an-
neal is normalized to the experimental value for comparison. The simulation shows
a general decay of the light intensity with longer annealing time and agrees well with
the experiment. The sharp decrease in the PL intensity is not captured by the sim-
ulation. This decrease is due to the process of implantation defect anneal, which the
model ignores.
Figure 5-21 shows the simulated luminescence intensity as a functional of total F
atoms retained in Si after the annealing for various time span at 800°C. The result
confirms that the light emission in Si:Er-F is linearly proportional to the total amount
of F atoms retained in Si, as shown in Figure 5-13 in the SIMS measurements. This
result is expected since the majority of F atoms is in the form of ErF3 after the
heat treatment and the luminescence intensity is linearly proportional to the ErF3
concentration.
In summary, the simulated results confirms the physical processes during Si:Er
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Figure 5-20: The comparison of the experimental PL intensity with the simulated Er
PL intensity, simulated using the same parameters as in Figure 5-19, as a function of
annealing time at 800°C. Fpeak = 4 x 1018 cm-3 .
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Figure 5-21: The simulated light emission intensity vs
retained in Si after 800°C isothermal annealing. The
ratio of the total Er atoms in Si:Er.
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heat treatment. They show that the complex dissociation and outdiffusion of ligands
such as F and O are the dominant processes during the heat treatment of Si:Er and
determine the reduction of the light emission intensity. ErF3 is the dominant species
formed in the heat treatment of Si:Er-F and is likely the optically active Er center in
Si:Er-F.
In Si:Er-F, the formation of the optically active Er center requires an association
of one Er atom with three F ligands. Increasing the light emission intensity by maxi-
mizing the concentration of the optically active Er center can be achieved only by in-
creasing the Er and F concentrations simultaneously in a 1:3 ratio. The implantation
damage anneal limits the maximum luminescence intensity in an implanted Si:Er-F.
High temperature heat treatment may anneal away all the implantation damage, and
at the same time, increase the ligand outdiffusion and the complex dissociation. As
a result, the luminescence intensity decreases significantly.
Other low temperature processes are preferred to ion implantation to incorpo-
rate metastable Er and ligand F in Si. Low temperature Chemical Vapor Deposition
(LTCVD) ( < 800°C) is likely a superior process because LTCVD is capable of intro-
ducing high concentrations of metastable Er and F ligand during the epitaxial growth
of the silicon material. Furthermore, the LTCVD process does not create high level
of defects as the ion implantation. Post-growth heat treatment after the LTCVD
process may be not necessary. The outdiffusion of F ligand and the dissociation of
the Er-F complex are minimized. The high concentration of the optically active ErF3
associate is predicted with the LTCVD process. The light emission intensity can be
significant enhanced.
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Chapter 6
Light Emission Mechanism in
Si:Er
In the last Chapter, we described how to maximize the optically active Er centers in
Si:Er through optimizing processing conditions to increase the light intensity. Another
limiting factor to the development of high performance Si:Er devices is the thermal
quenching of Er3+ in Si:Er, mentioned first in Section 2.2.3. The light intensity
decreases sharply by three orders of magnitude as the operating temperature increases
from 77K to 300K, as illustrated in Figure 2-7. Therefore, besides maximizing the
concentrations of the optically active Er centers, reducing or even eliminating the
Er3 + thermal quenching is critical in order to obtain a strong room temperature light
emission and to achieve good Si:Er device performance.
As discussed in Section 2.2.3, the initial decrease of the light emission at low
temperature is due to the thermal dissociation of bound excitons in Si. The thermal
activation energy of - 5meV in Si:Er is consistent with known donor-exciton binding
energies of - 5 - 6meV in Si. The process resulting in the sharp decrease of PL
intensity at high temperature is less well understood. It remains a major obstacle for
a strong room temperature light emission. A good understanding of the excitation
and de-excitation process in Si:Er is required.
In this chapter, detailed discussions of the Er3 + thermal quenching processes
are presented. The experimental results on the Er3 + thermal quenching in Si:Er
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doped with oxygen and fluorine are discussed. The high temperature de-excitation
process is the focus of the attention. In general, there are two possible causes for
the observed thermal quenching in Si:Er at high temperature: (1) a decrease of the
pumping efficiency of the Er3 + excitation; or (2) an increase of the nonradiative Er3 +
de-excitation efficiency. Both possibilities will be discussed. The experimental results
suggest an increase of the nonradiative de-excitation process is responsible for the
observed thermal quenching in Si:Er at high temperature. An energy back transfer
mechanism is proposed as a plausible nonradiative de-excitation process.
6.1 Thermal Quenching in Si:Er
The thermal quenching in Si:Er is, to the first order, independent of the processing
conditions and ligand impurities in Si:Er. Figure 6-1 shows the temperature depen-
dence between 50-300K of the Er PL intensity of Si:Er-O annealed at 700°C, 900°C
and 1000°C for 30 min. The thermal quenching process between 50-300K can be de-
scribed by a two-step process. The experimental data can be fitted to a relationship
proposed by Klein [65],
II = 1 + ClExp[-E/kT] + C2Exp[-E2/kT]
where E1 and E 2 are the activation energies at low temperature and at high tem-
perature respectively. The prefactors C1 and C2 are temperature independent. For
Si:Er-O, the thermal activation energy E2 for the high temperature quenching pro-
cess is 0.13 - 0.16eV, as shown in Table 6.1. The thermal activation energy E2 is
independent of heat treatment temperature.
The thermal quenching processes of Si:Er doped with different F doses, annealed
between 800 - 1000°C are shown in Figure 6-2. Si:Er-F has an identical tempera-
ture dependence of its luminescence intensity, as Si:Er-O. The activation energies for
the high temperature process E2 are identical - 0.16eV. Table 1 lists the thermal
activation energy E2 at high temperature in Si:Er with the different ligands and un-
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Figure 6-1: The effect of processing condition on the thermal quenching of Er3 + in
Si:Er-O.
101
(D
cj0
o
0
1 0 °
10-1
1 0 - 2
1 N-3
0 5 10 15 20 25 30
1000/T
Figure 6-2: The thermal quenching process of Si:Er-F of various fluorine concentra-
tions after different processing conditions.
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Table 6.1: The experimental activation energies E2 for the thermal quenching process
in Si:Er doped with O, F, N and S under various annealing conditions
Si:Er Processing E2 (eV) Si:Er Processing E2 (eV)
sample conditions sample conditions
Si:Er-O 1000°C 0.16 Si:Er-F(F=3 x 1018) 900°C 0.16
Si:Er-O 900°C 0.13 Si:Er-F(F=4 x 1018) 1000°C 0.16
Si:Er-O 8000°C 0.14 Si:Er-F(F=4 x 1018) 800°C 0.16
Si:Er-O 7000C 0.13 Si:Er-N 9000C 0.16
Si(Cz):Er 900°C 0.20 Si:Er-S 9000C 0.16
Note: The data, to compute E2 on Si:Er codoped with N and S are taken from
[10]. E2 of Si(Cz)-Er are quoted from [6]. All the samples were heat treated for 30
min.
dergoing different process conditions. They clearly suggest that the thermal activation
energy (- 0.16eV) of the dominant thermal quenching process between 100K-300K
is independent of the ligand impurity and the processing condition. The processing
condition, and the ligand impurity and implantation dose determine the number of
optically active Er centers in Si. Therefore, the high temperature quenching process
is independent of the number of optically active Er centers in Si:Er.
Figure 6-1 and 6-2 also show that the onset of the transition from a low activa-
tion process E1 to a high temperature process E2 can be affected by the processing
conditions. In Figure 6-1, the onset temperature shifts to higher temperatures as the
annealing temperature is raised from 700°C to 900 - 10000C. A 7000°C anneal is not
sufficient to remove all implantation defects. Highly defective Si:Er contains nonra-
diative recombination channels for carriers. A similar shift in the transition point is
also observed in a sample with a good surface passivation which reduces the surface
nonradiative recombination path [35].
In summary, the thermal quenching mechanism in Si:Er is independent of the
processing condition, the dopant impurity, and the implantation dose. It is indepen-
dent of the number and the types of the optically active Er centers in Si. The onset
temperature of the process can be shifted to a higher temperature (so far, as high as
200K ) by reducing the alternative nonradiative recombination path. Furthermore,
because the same quenching process does not occur in Er3 + doped in SiO 2 (see the
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following section), the thermal quenching process of Si:Er is likely linked to the silicon
lattice.
6.2 Energy Back Transfer Mechanism
As we have seen, the thermal quenching is universally present in Si:Er regardless
of the ligand impurities and the processing conditions. However, other Er3+ doped
materials present a different picture. In fact, there is no thermal quenching reported
in Er3+ doped ionic materials. The temperature dependence of luminescence intensity
in Er3 + in SiO2 (Er doped optical fiber) is very different from one in Si:Er. Under
the optical excitation, Er in SiO 2 produces a similar luminescence at 1.54/im since
the Er3+ excited states transition 113/2 - I15/2 is similar in Er doped SiO 2 as in
Si:Er. The PL peak intensity decreases by less than a factor of 2 ( 1.7) from 77K to
300K in Er doped SiO 2 [43]. The integrated luminescence intensity stays the same
between 4K-600K with a slight linewidth broadening of the FWHM - 90A at 4K
to 300A at 300K. The lifetime of the Er I13/2 state is found to stay constant and is
13 i 1.3ms at 77K and 11ms + 1.3 at 300K. The 4f electrons in the excited states of
Er 3+ are not the direct cause of the thermal quenching.
The thermal quenching of Si:Er at high temperature can be caused in general by a
decrease of pumping efficiency in the carrier excitation or an increase of nonradiative
de-excitation process to the silicon lattice. Let us examine these two scenarios in
Si:Er more closely.
Auger recombination which transfers the carrier potential energy to the 4f elec-
trons through electron-hole recombination is believed to be the principle excitation
mechanism in Si:Er [18]. The exact nature of this excitation process is unknown.
Little has been proposed on how electrons and holes in Si recombine and transfer
their energy to a 4f electron of Er3 + . In general, there are two ways in which the car-
riers potential energy can be transfered to Er 3+. The carrier recombination process
can take place either near Er3 + or at Er3 +. If the carriers recombine near an Er3 +,
energy must be transfered mainly through the energy cross-relaxation to the Er3 +
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4f manifold. The energy cross-relaxation requires an energy match and the process
has to take place in a close vicinity of an optically active Er center. Therefore, we
would expect some deep donors or acceptors in Si:Er appropriately located to gener-
ate - 0.8eV(1.54/1m) recombination energy in order to effectively transfer the energy
to 4f electrons in Er3 +. These deep levels are likely from the dopant impurities such
as C), N, C and F in Si:Er or from implantation defects such as Si interstitial, disloca-
tions and vacancies. Both the dopant impurities and the implantation defects could
introduce deep states in Si and become associated with Er to form complexes.
The other possibility is that the recombination process takes place at Er atoms
in Si. In this case, the optically active center Er 3+ may act as a deep electron trap
in Si and introduce deep states in the band gap. The excitation process takes place
when Er3 + traps one electron, Er3 + - Er2 +. Then, a hole recombines with the
trapped electron and excites a 4f electron. The optically active Er center could also
be Er2 + acting as a deep hole trap. Er2 + traps a hole and become Er3 + , then an
electron recombines with the trapped hole and excites a 4f electron. In any case,
an energy match is not necessary. The energy difference can be compensated by a
phonon-emission process. The optically active Er centers would have to introduce
a deep state close to or smaller than 1.12-0.8=0.32eV below Si conduction band or
above the valence band.
Either of these two recombination process would reduce the excitation efficiency
of Er3 + in Si:Er. In my experiments, the reduction of the excitation process is found
not to be the dominant cause of the thermal quenching in Si:Er.
The structure of the optically active Er centers remains unchanged at high mea-
surement temperature. Figure 6-3 shows the normalized Er' PL spectra measured
at the different temperature. All the spectra are identical at different temperature,
with an expected peak broadening at high temperature. The appearance of the peaks
at 1.523,um (Peak A) and 1.514,m (Peak B) at the high temperature is due to the
transition from the thermal populated high Stark levels of I13/2 in Er3 +. The Stark
level of peak A is - 8.5meV above the ground state of I13/2 and is 13meV for peak
B, determined by the peak wavelength. As the temperature increases, the high Stark
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Figure 6-3: The Er PL spectra at different measurement temperatures of Si:Er-O
annealed at 900°C for 30 min. Er was implanted at 4.5MeV.
level of I13/2 becomes thermally populated. The transition probability from those
levels increases. Figure 6-4 shows the intensity of the transition in an Arrhenius plot.
The intensity in Figure 6-4 is normalized with respect to the major peak intensity
and represents the population density in those high Stark levels with respect to the
ground state level of I13/2. The activation energies ( 10.0meV and 13.5meV) are
the energy level above the ground state. They are consistent with the value deter-
mined by the peak wavelength. The Stark level splitting (the energy level difference
between the Peak A and B) is - 3.5 - 4.5meV in Si:Er.
The impact of measurement temperature on the luminescence spectra was ob-
served also in Er doped SiO 2 [43]. The increasing satellite emission at 1.536/im
was reported in Er doped SiO 2, with a slightly decrease of the main peak intensity
at 1.545/im. Therefore, the Stark level splitting of Er3 + 113/2 in Er doped SiO2 is
- 5meV, comparable to that in Si:Er. Both agree well with the typical stark level
splittings 20 - 200cm-1(3 - 25meV) in other Er3+ doped ionic materials (see
Section 2.1).
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Figure 6-4: The satellite peak intensities (Peak A and B) at different measurement
temperatures are plotted in an Arrhenius relationship.
Figure 6-5 shows the Er PL intensity as a function of the excitation power at dif-
ferent measurement temperature. The reduction of the PL intensity at high measure-
ment temperature is expected from the thermal quenching in Si:Er. The saturation
of the Er3 + excited state is easily achieved at 100mW due to the long lifetime - lms
of the Er3 + excited state 13/2 in Si:Er. The onset of the saturation is independent of
the measurement temperature. Even at 180K, where PL intensity decreases sharply
due to high temperature thermal quenching, little effect is seen on the threshold sat-
uration power. This is a very important observation because if the thermalization
from the deep states due to the optically active Er centers is the reason for the high
temperature thermal quenching, one would expect a steady increase of the lumines-
cence intensity with an increase of the excitation power. It indicates that a reduction
of the excitation efficiency due to the carrier thermalization. at an optically active
center is not the limiting process for the thermal quenching in Si:Er.
WVhat causes the thermal quenching in Si:Er is an increase of the de-excitation
process in Si:Er instead. Because of the long lifetime of the Er3 + excited state, the
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Figure 6-5: The PL intensity as a function of laser pumping power at different mea-
surement temperatures for Si:Er-O annealed at 8000°C for 30 min. Er was implanted
at 4.5MeV.
excitation process is not very efficient. As temperature increases, a phonon assisted
de-excitation process becomes dominant. The energy of excited 4f electrons is back
transfered to the silicon lattice, i.e. to generate carriers. The carriers recombine non-
radiatively. The energy back transfer process results in the observed reduction in the
PL intensity.
A proposed energy back transfer process from the Er3 + I13/2 to the silicon lattice
is schematically illustrated in Figure 6-6. At high temperature, the energy from the
Er3 + I13/2 is non-radiatively transferred to the Si lattice with the phonon assistance,
likely to create a bound exciton. The thermal activation energy of 0.16eV in Table
6.1 represents the energy difference between two energy states and is provided with
the absorption of phonons at high measurement temperature..
Such a process requires the deep states with an energy difference of 0.96eV + Eb
in Si, where Eb is the energy of the bound excitons, 20meV in Si. Figure 6-7 shows
the Er related defect states in Si:Er, measured by Benton et al. using Deep Level
Transient Spectroscopy (DLTS) [38]. The Er doped Cz-Si sample were annealed at
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Figure 6-6: Schematic drawing of an energy back transfer process in Si:Er.
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900'C, 30 min. The DLTS spectrum indicates that there are many Er related deep
states in Si:Er. The energy back transfer process described above can occur easily,
likely at the state (.14eV) in Figure 6-7, which is 0.98eV above the valence band.
In rare earth doped ionic materials such as Er doped SiO 2, there is no thermal
quenching present. A sharp decrease of luminescence intensity at high temperature
does not occur in RE doped ionic compounds as in Si:Er. However, if an additional
de-excitation channel is introduced, a decrease of the luminescence intensity and
the excited state lifetime can still happen. In Nd doped YA10 3, the cross-relaxation
between the 4f levels in Nd3 + becomes significant when [Nd] > 1%. A sharp reduction
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of the luminescence intensity and the excited state lifetime is observed [19]. In rare
earth doped III-V compounds, the energy back transfer process is found to explain the
temperature dependence of the PL intensity in Yb in InP and InPo.93As0o0 7 [66][67].
In summary, the thermal quenching process in Si:Er at the high temperature is
found to be a result of an increase of non-radiative de-excitation through an energy
back transfer mechanism. The structure of the optically active Er centers are not
affected by the high operating temperature.
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Chapter 7
Summary and Recommended
Future Work
7.1 Summary
Erbium-doped silicon (Si:Er) is a prime candidate for an optoelectronic semiconductor
material. Si:Er is silicon-based, compatible with current Si fablines, and it luminesces
through minority carrier injection by an Auger recombination mechanism. In addi-
tion, 1.54pm radiation from the optically active Er centers in Si:Er coincides with
the absorption minimum of the silica-based fiber and is compatible with the current
optical amplifiers and fiber networks. The emission wavelength is stable with respect
to the operating temperature. Its linewidth is - 0.1 at 4.2K and - 100A1 at 300K,
ten times sharper than III-V semiconductors. To produce high performance Si:Er
photonic devices, the challenges are to increase the concentration of the optically ac-
tive Er centers by optimizing its processing conditions and and to reduce the thermal
quenching of the emission at room temperature.
The erbium and silicon reactivity studies provide a better understanding of the
microstructural changes taking place during the heat treatment process. The Er-Si
reactivity, especially in the presence of 02 was studied by the annealing of an erbium
overlayer deposited on an etched Si substrate. The various erbium compounds formed
after Er/Si reactions in different ambients (Air, N2 and Ar) were characterized by X-
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ray diffraction analysis and photoluminescence measurements. ErSi 2_(x = 0.3) is
the most stable silicide phase formed on single crystal silicon and forms lowest energy
interface with the Si (111) plane. The Si (111) terrace structure was formed on a
vicinal Si (111) substrate after annealed in erbium vapor. An Er-Si-O ternary phase
diagram was determined for the temperature range from 450°C to 1100°C. Er 3S i5
is oxidized in the presence of 02 and Er reduces Si02 on a Si substrate, similar to
titanium metal. Luminescence studies showed only Er2 0 3 luminesces at 1.54,um and
it produces a spectrum different from that of Si:Er.
The erbium diffusion and solubility in silicon studies defines the kinetic and the
equilibrium limitations of Si:Er. The diffusion and solubility of Er in Si are determined
based on the changes in implanted Er profile in Si after high temperature diffusion
annealing. A simulation model was constructed to simulate the Er profile changes
due to the processes of Er diffusion and precipitation during high temperature heat
treatment. Er diffuses at a rate similar to Ge in Si and has a low diffusivity of
^, 5 x 10-1cm2,//s at 12000C with a migration energy of - 4.6 ± 1.OeV. Analysis
based on the elastic energy model indicates Er likely diffuses interstitially in silicon.
The solubility of Er in Si is - 10'6atoms/cm 3 between 1150 - 13000C, similar to S
in Si. Er solubility in Si is retrograded between 1150 - 1250°C.
The above results explain the complex formation of Er and O and the significant
enhancement of the light emission intensity in Si:Er co-implanted with oxygen lig-
and. Er prefers to cluster with O than with Si due to the strong Er-O bonding. Er
precipitates in the form of ErSi2_(x = 0.3) along the Si (111) planes. An unique
spectrum of Si:Er is established to fingerprint various Er products formed during
Si:Er processing. The low Er diffusivity in Si enables metastable concentrations of
Er to be incorporated into Si at levels far exceeding the equilibrium solid solubility
of 1016atoms/cm,3. Furthermore, the low diffusivity and the high oxidation tendency
of Er make Si:Er process compatible with the existing Si fablines because the cross
contamination during heat treatment is minimized.
Post-implantation heat treatment of Si:Er is critical to optically activate Er centers
in Si. The heat treatment process for both Si:Er-O and Si:Er-F were studied in order
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to maximize the light emission intensity by optimizing processing conditions. The
optically active Er centers in Si:Er-O are Er - QO complexes, while in Si:Er-F, the
optically active Er center is ErF3 associate. Ligand F is two orders of magnitude
more effective in enhancing the Si:Er light emission intensity over commonly-used
oxygen ligand after a 800 - 900°C anneal. The processing advantage of F ligand is
due to its high diffusivity which allows ErF3 to associate at the temperatures where
the associate is stable and where Er diffusion and precipitation are limited.
The heat treatment reactions are kinetic processes. The optically active Er center
is rmetastable at annealing temperatures above 800°C. The optimum heat treatment
condition to achieve the maximum light emission depends on the interaction of the
three processes occurring in Si:Er: (1) implantation damage recovery; (2) ligand out-
cliffusion; and (3) Er complex formation and dissociation.
A simulation model was constructed for Si:Er-F, including the processes of the
formation and dissociation of Er-F complexes and the outdiffusion of F ligand. The
success of the model confirms the importance of the complex dissociation and the
ligand out-diffusion during Si:Er heat treatment and their limiting role in the light
emission intensity. The complex dissociation and ligand outdiffusion at high annealing
temperatures decrease the light intensity by reducing the number of optically active
Er centers. The damage recovery process limits the maximum light emission intensity
in Si:Er. A low temperature CVD process (< 800°C) which produces the silicon films
doped with Er and F without introducing high density of defects would be a superior
process for Si:Er. A high level of metastable Er and F could be incorporated in Si by
LTCVD to form high density of the optically active ErF 3 and therefore to increase
the light emission intensity.
The light emission mechanism was studied to understand the thermal quenching
of Si:Er luminescence: a sharp decrease of luminescence intensity at measurement
temperatures above 100-200K. Photoluminescence studies show that the structure of
the optically active Er centers remains unchanged at different measurement temper-
ature. The onset temperature of the thermal quenching of Si:Er light emission is
affected by the processing conditions. However, the activation energy of the thermal
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quenching process at T > 100 - 200K is universal to the Si:Er system and is indepen-
dent of the ligand impurities and the processing conditions. An energy back transfer
of nonradiative de-excitation of the Er3 + excited states to the states in the Si lattice
is a most likely mechanism for the thermal quenching in Si:Er.
In summary, Si:Er is a prime materials candidate for the optoelectronic silicon
circuits, compatible with the current silicon technology. To develop high performance
Si:Er photonic devices, the challenges are to increase the maximum number of the
optically active Er centers and to reduce thermal quenching of the emission at high
operating temperature. Both can be achieved by controlling the metastable kinetics
of Si:Er and by optimizing Si:Er processing conditions.
7.2 Recommendations for Future Work
The simulation model presented in Chapter 5 includes the two main processes occur-
ring during Si:Er heat treatment, the formation and dissociation of Er-ligand com-
plexes and the outdiffusion of the ligand impurity. The model confirms the importance
of those processes in influencing the light emission intensity. To calculate the PL in-
tensity in Si:Er-F after a 800°C anneal, the model used the best fitting parameters
by fitting the F SIMS profiles after heat treatment. F diffusivity used in the model
was approximated by a simple Arrhenius relationship, D = Dexp[-E], with a
migration energy of 0.7 eV. The migration energy was the result of a first-principle
calculation for F diffusing in a perfect Si crystal [59].
The experimental studies showed that implanted F in Si diffused anomalously be-
tween 600°C to 1100°C [58][60]. F atom migrates preferentially towards the surface,
and the diffusion of F into bulk Si is completely suppressed. Furthermore, the outdif-
fusion rate is dependent on the implanted F dose, and the desorption of F containing
species at the surface is temperature dependent. As a result, F diffusivity is not in a
simple Arrhenius form over the temperature range. A more realistic F out-diffusion
model should be constructed and incorporated into the process simulator in order to
model the temperature dependence of the light emission intensity in Si:Er-F.
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To avoid modeling the anomalous F outdiffusion in Si, a different set of the fit-
ting parameters would have to be obtained by fitting the experimental F profiles at
different annealing temperature, using the model in Section 5.5. Equipped with a
set of best fitting parameters at various temperatures, a similar simulation as one
in Chapter 5 can be carried out. Furthermore, the luminescence intensity in Si:Er
is limited by the implantation damage anneal. The ability to include the implanta-
tion damage anneal process in the simulation model will greatly enhance the optimal
process design.
Electrical activity of Si:Er is important due to its likely involvement in the excita-
tion and de-excitation of the optically active Er centers. Furthermore, it is important
to determine the correlations between the electrically active Er and the optically ac-
tive Er centers in Si:Er under different annealing conditions. The doping design of
a Si:Er device would have to consider the electrically active Er centers if they intro-
duce an additional carrier density of 1016 - 1018 /cm3 in Si. The current research on
the electrical activity of implanted Er in Si is not conclusive (see Section 2.2.2). My
preliminary experiments on the Er electrical activity in Si:Er-O after an isochronal
anneal was unsuccessful. The main reason was that the Er electrical activity was
dependent on the annealing temperature. The spreading resistivity profiles of Si:Er
after the isochronal annealing were too complex to interpret, as discussed in Section
2.2.2.
Michel et al. suggested the correlation between the electrically active Er with
the optical active Er centers [35]. The behavior of the optically active Er centers in
Si:Er-F is well characterized under different heat treatment conditions in this thesis.
In addition, Si:Er-F is a good materials system to study the electrical activity of
Si:Er, because F is electrically neutral in Si. In comparison, forms thermal donors
at; 450°C. A systematic study of Er electrical activity in Si:Er-F, similar to the one
on the optically active Er centers in chapter 5, would uncover their correlations.
In Chapter 6, I propose an energy back-transfer mechanism to explain the thermal
quenching of the Si:Er luminescence intensity at the temperature above 200K. The
nonradiative transition from the first excited state 13/2 to the. Si lattice should affect
103
the lifetime of the Er3+ I13/2 states. Temperature dependent lifetime measurements
of the Er 3+ I13/2 should provide an additional evidence for the energy back transfer
mechanism.
A low temperature CVD process for Si:Er is recommended as an effective means
tlo control the metastable kinetics without creating high density of defects in the
material. Low temperature (< 8000°C) growth of epitaxial silicon films doped with
high concentrations of Er and F should prevent the outdiffusion of the F ligand
and dissociation of the Er-F complexes. Therefore, the light emission intensity can
be maximized by forming high concentrations of optically active ErF3 in order to
achieve high performance Si:Er devices.
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Appendix A
Computer Simulation Program for
Erbium Diffusion and
Precipitation in Silicon
#include<stdio.h>
#include<math.h>
void free_matrix(float **,int,int,int,int);
float **matrix(int, int, int, int);
#define cox le4
#define MAX 100
main( int argc, char *argvl)
{
char dummy[MAX];
float tmax,xmax,dt, dx,dr,D, Co,**c,jxo,xo,ct,rt,ctO,y,cxO;
int i,N, T, j,xl;
FILE *fp;
if ((fp = fopen(argv[1],"r")) == NULL)
printf("unable to open file %s \n", argv[l]);
10
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else {
fgets(dummy,MAX,fp); 20
fscanf(fp,"/,f ", &D); / * reading in diffusivity D */
fscanf(fp,"%f ", &xmax); /* reading in max distance x
fscanf(fp,"%f ", &tmax); /* reading in max time t */
fscanf(fp,"%f "? &dx); /* reading in delta x */
fscanf(fp,"%f ". &dt); /* reading in delta t */
fscanf(fp,"%,f " &Co); /* reading in concentration cox */
fscanf(fp,"%f ", &dr); /* reading in stragg delta r */
fscanf(fp,"%f ", &cxO); /* reading in precipitates boundary cx */
30
N = xmax/dx;
T = tmax/dt;
c = matrix(O,T,O,N);
for(j =0; j<=N; j++)
{
c[O][j] = Co *exp( - (j* dx/dr)*(j*dx/dr));
}
for(i=0; i<=T; i++){
c[i][N] = 0;
} 40
ctO=Co;
for(i=0; i <= T-1; i++){ /* iterate over all time */
xo = dr * sqrt(- log(cxO/ctO));
xl = xo/dx;
c[i][xl]= cxO;
/ * finite difference method to solve diffusion PDE */
for(j=xl+l; j<= N-l;j++){
c[i+l]j] = c[i][j] + D *(dt/(dx*dx)) * (c[i][j+l] - 2*c[i]b] +c[i]j-1]); 50
/ * boundary conditions */
ixo = - (D/dx)*(c[i][xl+l] -c[i][xl]);
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y= sqrt(log(ctO/cxO));
rt=dr-(2/3.14) *jxo*dt/ctO;
dr=rt;
60
/ * The concentration Matrix in the precipitation region */
for(j =0; j<=xl; j++)
{
c[T][j] = ctO *exp( - (j* dx/dr)*(j*dx/dr));
/ * printf(" The concentration Matrix is \n");*/
for(j=O; j<= N; j++) {
printf("%d %f\n ", j, c[T][j] +1);
freematrix(c,O,T,O,N); 70
fclose(fp);
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Appendix B
Erbium-Doped Silicon Process
Simulation
The heat treatment process occurring in Si:Er were presented in Chapter 6. A simu-
lation model was constructed including the complex formation and dissociation and F
ligand out-diffusion in Si:Er-F. The following set of mathematical equations describes
the simulated kinetics in Si:Er-F. The notations used here are the same as ones in
Chapter 6.
d[ErF3 ]
dt
d[ErF2 ]
dt
d[ErF]
dt
d[Er]
dt
d[F]
dt
(B.1)
(B.2)= -R + R2
= -R2 + RI
= -R1
= Df d[ - R3 - R2 - R.
(B.3)
(B.4)
(B.5)
where R1 = Kfl[Er] x [F] - Krl[ErF], R2 = Kf 2 [ErF] x [F] - Kr2[ErF2 and
R3 -- Kf3[ErF2] x [F] - Kr3 [ErF3].
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The boundary condition at the silicon surface is,
JF = (C - Cb)
The above equations can be solved using the PEPPER software[61]. The PEPPER
input program in the dial-an-operator feature is as follows:
title SIMULATION OF Er and F reaction in Si (units cm-3)
comm initial grid structure
init silicon th=10.0 nodes=11
+ uO=1.0 u5=1.0 u6=1.0 u7=1.0 u8=1.0
grid layer=l1 xmax=1.0 nodes=100
grid layer=l xmin=l.0 xmax=2.0 nodes=11
grid layer=l xmin=2.0 xmax=10.0 nodes=8
comm input file for Er and F, u6, u5
comm ErF=(uO); F=(u5); Er=(u6); ErF2(u7); ErF3(u8) 10
profile file=erf.pro uO interp
profile file=fimpl.pro u5 interp
profile file=er.pro u6 interp print
diff time=?time? temp=800 print special atol=0.01
+ pde=dfdt(0,0,1.0)=klfg_k2h(0,1,2,0,?KF1?,?KR1?) +klfg k2h(0,0,1,3,-?KF2?,-?KR2?)
+- pde=dfdt(1,1,l.0)=d2fdx2(1,1,?DF?,afunl5)+klfg k2h(1,1,2,0,-?KFI?,-?KR1?)
+ pde=klfg k2h(1,0,1,3,-?KF2?,-?KR2?)+klfg k2h(1,3,1,4,-?KF3?,-?KR3?)
+ pde=dfdt(2,2,1.0)=klfg_k2h(2,1,2,0,-?KF1?,-?KR1?)
+ pde=dfdt(3,3,1.0) =klfg k2h(3,0,1 ,3,?KF2?,?KR2?)+klfg k2h(3,3,1,4,-?KF3?,-?KR3?) 20
+ pde=dfdt(4,4,1.0)=klfgk2h(4,3,1,4,?KF3?,?KR3?)
+ pde=surface(l,1,? ALPHA?,afunl5,afunl5,afunl4) +konst(1l,?AFCB?,afunl5)
The model parameters are optimized by comparing the simulated F profiles with
the F SIMS profiles, using Levenberg-Marquardt optimizer PROFILE[63]. A schematic
drawing of the parameters optimization program is shown in Figure C-1.
The PROFILE input program optimizing the parameters K3 (AH) and Df is listed
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rameters:
Do, a, Cb
r
PEPPER
(frinp.tpl) SIMS Data
- I
rrnr
Figure B-1: A schematic drawing of the parameters optimizer program for Si:Er
process simulation.
as follows:
type x.dat y.dat weight.dat ymodel.dat $
var real DF ALPHA KF1 KEQ1 KR1 KF2 KEQ2 KR2 KF3 KEQ3 KR3 AFDF AFCB CB $
constrain KEQ3 1 100
constrain DF 1 100
setlm liniter 3
setlmn itermax 50
exec params.dat
% rn runpep.out
get f8_ALL.pro x.dat y.dat weight.dat $
weight = weight.dat/(y.dat+1.0e17) 10
setlm talk 2
setlm deltapa 1.0e-3
setlm deltapr 1.0e-6
setext call /ecs/faculty/dunham/bin/profile runpep6.pro >> runpep.out
setext nlm ymodel.dat
setext axs xvalues.dat
setext par params.opt
levrmar pro y.dat x.dat ymodel.dat KEQ3 DF I AFDF CB $
quit
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